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FOREWORD 


(U)  The  DIAL  PACK  Symposium  was  held  in  Ottawa,  Canada  30  March 
through  1  April  1971.  The  symposium  was  sponsored  by  the  Defense 
Atomic  Support  Agency  (DASA)  and  the  Defence  Research  Board  (DRB) 
of  Canada  to  review  the  results  of  the  500-ton,  high-explosive  blast 
and  shock  trial  carried  out  at  the  Canadian  Defence  Research  Estab¬ 
lishment  Suffield  (DRES)  on  23  July  1970. 

(U)  The  papers  presented  at  the  symposium  are  contained  in  Volumes 
1  through  III  of  this  publication.  This  volume  (Volume  III)  contains  the 
U.  S.  Project  Officer's  papers  that  are  either  classified,  or  were  se¬ 
lected  to  be  published  with  the  classified  papers.  These  include  the 
Project  LNllO,  LNlll,  LN112,  LN113,  LN117,  LN303,  LN312,  and 
LN314B  papers. 

(U)  The  other  papers  presented  at  the  symposium  (U.  S.  ,  U,  K.  ,  and 
Canadian)  are  contained  in  Volumes  I  and  11,  which  are  being  published 
by  the  Defence  Research  Board  of  Canada. 
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R.  Schumacher,  Project  Officer 
Ballistic  Research  Laboratories 


PROJECT  LNllO 

BLAST  SUSCEPTIBILITY  OF  TACTICAL 
MISSILE  SYSTEMS  (LANCE)  (U) 

INTRODUCTION  (U) 

(U)  Hie  primary  objective  of  this  project  was  to  tlctormino  the  effects 
of  blast  on  the  internal  and  external  components  of  a  representative 
tactical  missile  system.  This  progr.am  is  directly  related  to  previous 
efforts  of  the  Ballistic  Research  Laboratories  with  respect  to  blast 
susceptibility  of  missile  systems.  This  includes  paper  studios  and 
participation  in  large  scale  blast  trials  (see  References  1,  2,  3,  4). 

The  results  of  this  test  program  will  provide  a  basis  for  evaluating 
shock  prediction  capability  of  the  various  missile  system  manufacturers 
and  give  some  insight  into  the  factors  which  can  be  expected  to  significantly 
affect  a  systems  response  and  its  blast  susceptibility. 

(U)  The  missile  system  selected  for  this  investigation  was  the  Lance 
Missile  System  which  is  currently  under  development  by  tlie  US  Army.  ’IWo 
missiles  were  exposed  during  this  test  and  represented  two  completely 
different  configurations.  The  launch  configuration  (Figure  1)  consisted 
of  a  missile  with  a  conventional  Warhead  section  (H  27)  on  a  Launcher 
Zero  Length  (LZL)  and  elevated  to  48°.  The  parked  transport  conf i guration 
(Figure  2)  consisted  of  a  missile  with  a  nuclear  warhead  section  (XM-2.34) 
on  a  Self  Propelled  Launcher  (SPL)  in  the  lowered  tied-down  position.  In 
this  configuration,  the  missile  is  hard  mounted  with  respect  to  the  vehicle 
body,  but  is  shock  and  vibration  isolated  with  respect  to  tin-  ground  through 
the  normal  undercarriage  suspension  system. 
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EXPERIMENTAL  PROCEDURE  (U) 


(U)  Both  missile  configurations  contained  operable  guidance  and  control 
(G^C)  sections,  operable  Monitor  Programmers  and  the  nuclear  warhead 
section  of  the  SPL  configuration  utilized  operable  electrical  components 
where  practical.  The  only  electrical  components  powered  during  blast 
encounter  were  the  Monitor  Programmer  and  the  G^C  section  of  the  LZL 
configuration  and  they  were  in  the  launch  ready  mode  of  operation. 

Both  missile  systems  were  placed  in  a  "Worst  Case"  orientation,  i.e., 
side-on  to  the  blast  with  the  left  side  (viewed  looking  forward) 
facing  the  explosive  charge.  The  predicted  static  overpressures  at 
the  SPL  and  LZL  locations  were  12  and  4  psi  respectively.  The  rationale 
for  selecting  the  overpressures  was:  to  be  assured  that  the  missiles 
would  not  overturn  or  slide  excessively  (over  1  ft.)  and  that  at  least 
one  system  would  not  sustain  structural  damage.  No  attempt  was  made  to 
evaluate  design  considerations  for  the  simple  reason  that  blast 
overpressure  was  not  a  design  consideration  for  the  Lance  System 
(see  Reference  S) . 


(U)  Prior  to  shot  day,  all  operable  electric.-'l  components  wore  checked 
for  proper  operation  and  after  the  test,  the  components  were  re-checked 
to  see  if  they  still  operated  properly. 


INSTRUMENTATION  (U) 


(U)  Both  missiles  were  instrumented  internally  with  accelerometers  and 
pressure  transducers  and  in  addition,  the  LZL  missile  had  strain  gages  on 
two  of  the  four  T-Bolts  that  join  the  warhead  section  to  the  propulsion 
section.  TVo  moderate  speed  cameras  (750  frames /sec)  were  used  for  each 
system  (see  Figure  3)  to  determine  component  reactions,  overall  displacement 
and  to  give  indications  of  occurrences  which  might  affect  the  instrumentation 


data. 


(U)  The  Instrumentation  for  the  SPL  configuration  (see  Figure  4)  consisted 
of  14  channels  of  accelerometer  data  and  5  channels  of  pressure  data.  All 
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accelerometers  were  mounted  on  the  most  rigid  structure  available  and 
as  close  to  the  missile  outer  skin  as  practical.  With  the  exception  of 
the  Monitor  Programmers,  all  accelerometer  installations  were  of  the 
triax  configuration  and  had  their  axis  parallel  to  the  primary  missile 
axes  (which  were  not  necessarily  the  same  as  ground  reference  coordinates) . 

The  LZL  configuration  instrumentation  (see  Figure  5)  consisted  of  8  channels 
of  acceleration  data,  3  channels  of  pressure  data  (one  channel  P-7 
malfunctioned  on  the  morning  of  the  shot,  could  not  be  repaired  or 
replaced  and  therefore  was  deleted)  and  two  channels  of  strain  gage  data 
(T-Bolt  tension  loads) . 

(U)  All  instrumentation  data  was  recorded  on  FM  Magnetic  Tape  Recorders 
having  a  frequency  response  of  DC  to  20  the  pressure  transducers  and 

strain  gages  had  frequency  response  in  excess  of  the  tape  recorder, 
whereas  the  piezo-electric  accelerometers,  which  were  attached  to  charge 
anplifiers,  had  their  low  frequency  response  limited  to  about  3H^.  The 
pressure  transducers  which  were  flush  diaphragm  types  utilizing  semi¬ 
conductor  strain  gages  as  the  sensing  elements  were  mounted  within  the  missiles 
so  that  their  diaphragms  welre  flush  with  the  missile  outer  skin. 

RESULTS  (U) 

(C)  All  instrumentation  data  recording  systems  and  moderate  speed  motion 
picture  cameras  functioned  normally  throughout  the  event.  No  malfunctions 
were  observed  and  data  were  recorded  on  the  32  channels  of  dnstrumentation. 

Some  of  the  accelerometer  data  indicated  a  zero  offset  or  DC  shift  with 
subsequent  decay  to  zero)  however,  it  was  concluded  that  this  would  not 
seriously  affect  the  data  over  the  frequency  range  of  interest. 


'Ar 

The  recording  systenis  and  associated  siqjport  for  this  program  was  provided 
by  Nuclear  Effects  Directorate  Personnel  from  the  White  Sands  Missile  Range. 
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(C)  In  Table  I  a  con^arison  between  the  measured  acceleration  levels 
and  the  specification  requirement  levels  is  made.  No  con^arison  is 
made  with  respect  to  time  duration  because  of  the  complexity  of  the  test 
data  signal.  All  accelerometer  data  was  shock  spectrum  analyzed  using  a 
digital  computer;  however,  for  brevity,  only  a  few  accelerometer  time 
history  plots  and  shock  spectra  will  be  discussed  later. 

(C)  Tables  II  and  III  present  the  measured  peak  overpressures  and  the  free 
field  blast  parameters  respectively.  Table  II  indicates  a  considerable 
variation  in  measured  peak  overpressures;  this  was  to  some  extent  expected 
because  of  the  location  of  the  transducers  in  the  missiles.  Table  III 
indicates  that  the  predicted  overpressures  were  in  general  achieved 
(within  5%  of  those  expected) . 

(C)  For  brevity  only  4  pressure-time  histories  are  presented  (2  for  the 
SPL  configuration  and  2  for  the  LZL  configuration) .  Time  history  plots 
for  measurements  P-2  and  P-3  (SPL  configuration)  are  presented  in 
Figure  6.  These  data  indicate  that  for  about  the  first  8  ms  after  shock 
arrival,  there  is  a  significant  difference  in  the  pressure  between  P-2 
and  P-3  (P-2  being  greater)  this  indicates  a  net  downward  force  on  the 
missile  tending  to  push  it  down  into  its  support  cradle.  In  Figure  7 
two  pressure  time  history  plots  for  the  LZL  configuration  are  presented. 

The  expected  classical  type  of  pressure  loading  is  indicated  by  measure¬ 
ment  P-8  while  measurement  P-9  (between  missile  fins)  indicates  an 
unexpected  decaying  oscillation  (about  91  H^)  superimposed  on  the 
expected  response.  Post  shot  checks  of  the  transducer  indicate  no 
malfunctions  or  mechanical  resonances  at  this  frequency,  therefore 
it  is  concluded  the  oscillation  is  associated  with  the  flow  around  the  fins. 

(C)  The  strain  gage  data  for  the  LZL  configuration  indicated  that  the  T-Bolt 
loads  were  too  small  to  be  measured  (or  be  of  interest)  and  therefore,  it 
is  concluded  that  the  T-Bolts  would  not  be  susceptible  structural  attachments. 

(C)  Post  shot  evaluation  of  the  major  electrical  systems  and  components 
indicate  there  were  no  malfunctions  or  significant  system  degradation. 
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Table  I  (U)  Peak  acceleration  levels  (U). 


Measurements 

Sensing 

Direction 

Acceleration 

Peak  Specification 
Requi  reinent 
(9) 

Peak  Measured 
Response 

(g) 

SPL  Configuration 

A-1 

Vertical 

47 

100 

A-2 

Lateral 

10 

130 

A- 3 

Axial 

12 

95 

A- 4 

Vertical 

40 

440 

A- 5 

Lateral 

TO 

240 

A-6 

Axial 

12 

170 

A- 7 

Vertical 

34 

80 

A-8 

Lateral 

10 

75 

A- 9 

Axial 

12 

160 

A-10 

Vertical 

100 

no 

A-11 

Lateral 

100 

130 

A-12 

Axial 

100 

130 

A-13 

Vertical 

30 

230 

A-14 

Lateral 

30 

170 

LZL  Configuration 

Vertical 

50 

55 

Lateral 

10 

75 

A-17 

Axial 

12 

35 

A-18 

Vertical 

42 

60 

A-19 

Lateral 

42 

80 

Axial 

60 

50 

Vertical 

30 

170 

A-22 

Lateral 

30 

210 
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Table  II  (U)  Peak  pressure  levels  (U). 


Measurements 

— 1 
\ 

Measured  Peak  , 

Overpressures  1 

(nsi) 

SPL  Configuration 

P-1 

16.2 

P-2 

23.6 

P-3 

15.5  1 

P-4 

18.7 

P-5 

28.8  ' 

LZL  Configuration 

P-6 

6.2 

P-7 

8.9 

10.4 

Table  III  (U)  Measured  air  blast  parameters 

(as  interpolated  from  project  LNlOl 


line  1)  (U). 


Blast 

Parameters 

SPL  Location 

R=  930' 

LZL  Location  | 

R=  1650'  1 

aP 

11.4  psi 

4.01  psi 

0.818  psi-sec 

0.476  psi-sec 

1 

t+ 

0.214  sec 

0.307  sec 

_  J 

aP  =  Peak  Static  Overpressure 
Ip  =  Static  Overpressure  Impulse 

t'*’  =  Positive  Time  Duration  of  Static  Overpressure 
R  =  Ground  Range 
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OVERPRESSURE-  PSI 


.32  .36  .40  .44  .48  .52  .56  .60  -64 

TIME- SECONDS 


STATION  NO.  95.0 

MEASUREMENT  NQ  P3  THETA  •  165  DEGREES 


TIME -SECONDS 

Figure  6  (U)  SPL  configuration  overpressure  data  (U). 
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Other  than  damage  to  the  propulsion  section  wiring  harness  on  the 
SPL  configuration.  The  LZL  configuration  sustained  no  damage  except 
for  a  superficial  bowing  inward  of  the  front  of  the  sighting  and 
laying  case,  this  would  generally  be  no  worse  than  that  expected  from 
rough  handling  in  the  field.  Hie  SPL  configuration  sustained 
significant  damage  to  the  missile  warhead  section,  propulsion  section, 
sighting  and  laying  case  and  the  self  propelled  launcher. 

(C)  The  XM-234  warhead  section  was  structurally  deformed  (buckling 
and  cracking)  in  the  immediate  vicinity  of  the  forward  cradle  support. 
Examination  of  the  inside  of  the  warhead  section  indicated  that  the  left 
side  of  the  cradle  support  caused  more  damage  (penetrated  further)  than 
the  right  side.  The  damage  is  shown  in  Figure  8.  It  appears  this  damage 
was  primarily  caused  by  the  SPL  translation  and  rotation  forcing  the 
front  cradle  support  up  and  into  the  warhead  section.  The  overpressure 
difference  between  P-2  and  P-3  (as  indicated  earlier)  probably  was  a 
contributing  factor  in  causing  this  damage. 

(C)  The  self-propelled  launcher  sustained  considerable  structural 
damage,  The  driver's  compartment  cab,  which  was  in  the  lowered  position 
was  badly  twisted  and  opened.  The  side  of  the  vehicle  facing  the  blast 
was  bowed  inward  about  7  1/4  inches  whereas  tlie  side  opposite  was  bowed 
outward  2  3/8  inches.  Figure  9  shows  the  damage  to  the  side  of  the 
driver's  compartment  and  the  engine  front  access  hatch. 

(C)  The  missile  propulsion  section  tankage  (SPL)  was  not  damaged, 
however,  the  cable  harness  fairing  was  blown  completely  off  the 
propulsion  section  and  the  cable  harness  plug  (at  the  aft  end)  was 
broken.  Figure  10  shows  the  SPL  left  side  damage  and  the  damage  to  the 
propulsion  section  wiring  harness.  The  plastic  sighting  and  laying  case 
(shown  in  Figure  10)  was  knocked  out  of  its  normal  attachment  and  was 
severely  cracked,  however,  this  case  is  foam  filled  and  fits  the  sighting 
and  laying  theodolite  closely;  therefore,  it  is  not  expected  that  the 
theodolite  would  have  been  damaged  (the  case  was  empty  during  the  test). 
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Figure  8(U)  SPL  configuration  warhead  section  and  cab  compartment  damage 


Figure  9  (U)  Damage  to  front  and  left  side  of  SPL  configuration  (U). 
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(C)  No  damage  to  tho  5PL  power  train  or  engine  compartment  components 
was  observed  even  though  the  SPI,  had  been  translated  4  1/2  inches  at 
the  front  and  6  1/2  inches  at  the  rear  in  the  direction  of  blast  wave 
propagation.  After  the  test,  the  vehicle  was  started  and  driven  with 
no  apparent  difficulties. 

(C)  As  indicated  earlier,  all  accelerometer  diita  were  sliock  spectrum 
analyzed;  however  for  brevity,  only  data  from  four  accelerometers  will 
be  presented.  The  results  arc  typical. 

(C)  For  the  SPL  configuration,  two  measurements  arc  presented  (,A-2  and 
A-5) .  n^e  time  history  plots  of  tlie  data  that  were  .analyzed  are  sliown 
in  Figure  11.  Measurement  A-2  has  an  indication  of  UC  shift  (as  previously 
indicated)  but  shows  the  greatest  activity  at  air  blast  shock  arrival. 
Measurement  A-5  indicates  a  second  sharp  shock  at  approximately  35ms  after 
air  shock  arrival ;this  second  shock  appears  to  coincide  with  the  observance 
of  tho  warhead  section  upper  quadrant  buckle  as  seen  in  the  moderate 
speed  movies.  This  would  indicate  a  secondary  impact  caused  by  the 
warhead  (forward  section)  whipping  upward  and  possibly  the  rear  section 
hitting  the  structure.  The  shock  spectra  plots  for  measurements  A-2 
and  A-5  are  presented  in  Figure  12.  It  is  readily  apparent  that  the 
measured  response  is  considerably  greater  than  the  shock  specification 
(it  should  be  remembered  that  air  blast  shock  was  not  a  design  consideration) 
The  low  frequency  effect  (shift)  is  indicated  in  the  spectra  of  measure¬ 
ment  A-2,  but  appears  to  have  little,  if  any,  effect  on  the  higher 
frequencies  (above  10  H_) . 

(C)  For  the  LZL  configuration,  two  acceleration  channels  were  analyzed 
(sec  lUgure  13).  It  is  readily  seen  that  the  response  is  of  the  general 
type  expec  :.ed--a  largo  positive  acceleration  at  shock  wave  arrival  followed 
by  a  subsequent  damped  decaying  oscillation.  Measurement  A-l(>  is  in  the 
nose  of  the  missile  whereas  A- 19  is  in  the  ClftC  section  close  to  the  missile 
forward  support  point.  Tlic  shock  spectra  plots  for  tlieso  two  measurements 
are  ])resonted  in  I'igure  14.  In  general  the  shock  spectra  for  the  lateral 
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direction  are  about  the  same  for  both  the  SPL  and  LZL  configuration  when 
the  differences  in  overpessure  are  taken  into  consideration.  For  the 
vertical  and  axial  directions  (data  not  presented  in  this  report)  the  SPL 
shock  spectra  are  significantly  higher  even  when  taking  the  differences 
in  overpressure  into  consideration.  It  should  be  noted  that  the  two 
damped  shock  spectra  presented  in  Figure  14  (test  data  for  measurements 
A-16  and  A- 19)  are  essentially  the  same,  whereas  the  shock  spectra  for  the 
specification  requirements  are  considerably  different. 

CONCLUSIONS  (U) 

(U)  The  test  results  indicate  the  importance  of  establishing  an  air 
blast  criteria  (if  one  is  desired  or  expected  to  be  required)  early  in 
the  design  of  a  missile  system.  This  test  program  clearly  indicates  that 
the  air  blast  environment  is  potentially  the  most  severe  shock  environment 
a  missile  system  may  be  expected  to  survive  (this  is  dependent  upon  the 
values  selected  for  the  blast  criteria)  and  that  the  premise  "it's 
inherently  hard"  is  not  necessarily  true. 

(U)  The  test  results  additionally  indicate  that  a  complete  analysis  of 
combined  air  blast  and  structurally  transmitted  loading  must  be  employed 
to  have  any  reasonable  assurance  of  achieving  a  given  level  of  blast 
survivability.  Although  this  test  program  indicated  that  electrical 
components  internal  to  the  missile  system  did  not  fail  prior  to 
structural  damage,  it  should  not  be  concluded  this  will  always  be  the  case. 

If  it  can  be  argued  that  shock  loading  from  handling  or  transportation 
considerations  are  important  in  establishing  performance  specifications,  then 
it  can  also  be  argued  that  blast  effects  should  also  be  considered. 

(U)  Equipment  shelters,  vans,  etc.,  which  are  quite  often  associated  with 
tactical  missile  systems  were  not  evaluated  during  this  investigation  because 
the  Lance  system  does  notutilize  them  directly.  However,  a  complete  analysis 
of  other  systems  (new  or  existing)  could  possibly  include  these  items.  It 
is  therefore  recommended  that  the  results  of  project  LN-112  "Blast  Effects  on 
Electrical  Equipment  Shelters"  be  taken  into  consideration  for  a  complete 
system  analysis  or  design  evaluation. 
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PROJEa  LNlll 

BLAST  VULNERABILITY  OF  PARKED  AIRCRAFT  (U) 


INTRODUCTION 

Objectives 

(U)  Hie  objective  of  this  experiment  was  to  determine  the 
structural  and  coiqponent  response  of  fixed  and  rotary  wing  aircraft, 
parked  at  various!  blasib  intensity  leyeTs,. ai)d  to  covare'  the  results, 
i  with  predictions  based  uDon  current  methodologies. 

Background 

l[U)  For  many  years,  the  aerial  target  vulnerability  snalysts  have 
been  striving  to  develop  a  methodology  for  determining  the  vulnerability 
of  aircraft  to  conventional  and  nuclear  blast.  To  date,  the  "cookbook" 
methodology  does  not  exist;  however,  there  are  many  "tools  of  the 
trade"  that  can  be  applied,  such  as,  computer  programs,  experimental 
data,  scaling  laws,  semi-enqiirical  relationships  established  for 
scaled  models  of  simple  geometry,  etc.  The  Vulnerability  Laboratory 
methodology  at  present  is  a  combination  of  the  above. 

(U)  In  the  original  planning  of  Project  LNlll,  two  obsolete  U.S. 
aircraft  were  to  be  included  as  bonus  targets  in  Project  LNllO, 

"Blast  Susceptibility  of  Tactical  Missile  Systems  (Lance)."  However, 
late  in  the  planning  stages,  four  currently  operational  aircraft  and 
one  obsolete  Canadian  twin  engine  jet  fighter  aircraft*  became 

•3 - 

All  ef  forte  put  forth  in  making  this  aircraft  available  for  testing 
are  aoredited  to  DUES. 

23 

UNCLASSIFIED 


UNCLASSIFIED 


available  for  destructive  testing.  Because  of  the  rare  opportunity 
to  eiqperiaent  with  current  aircraft,  it  became  equally  important  as 
an  objective  to  obtain  damage  data  as  it  was  to  evaluate  the  prediction 
methodology.  Within  the  time  and  funding  constraints,  extensive 
instrumentation  was  not  possible  and  camera  coverage  was  the  only 
reasonable  effort  that  could  be  made.  Despite  the  problems  of 
trying  to  organize  a  meaningful  project  in  the  final  stages  of  pre¬ 
test  planning,  the  objectives  of  the  project  were  successfully 
acco^>lished  and  the  results  have  given  new  insight  to  future  require- 
ments, 

PROCEDURE 
Test  Setiqp 

(U)  There  were  five  aircraft  used  as  targets  in  this  experiment : 
two  QH-6  helicopters  (Fig  1) ,  one  UH-1  helicopter  (Fig  2) ,  one  YOV-1 
fixed  wing  observation  aircraft  (Fig  3)  and  one  CF-100  jet  fighter 
aircraft  (Fig  4).  All  of  the  aircraft  were  in  a  parked  configuration 
and  secured  as  they  would  normally  be  in  a  combat  area;  i.e.  the 
rotor  blades  of  the  helicopters  were  tethered  to  the  fuselages,  and 
the  YOV-1  was  tethered  to  the  ground.  Due  to  the  rainy  weather  the 
aircraft  had  settled  into  the  ground  and  the  normally  used  wooden 
chocks  for  the  CF-100  were  not  needed.  In  addition,  all  of  the 
aircraft  were  positioned  jn  the  "worst  case"  orientation  (side-on 
to  the  blast  or  with  the  longitudinal  axis  of  the  aircraft  normal  to 
the  blast  wave  propagation).  The  YOV-1  aircraft  was  fully  oporublo, 
but  all  the  others  had  been  previously  damaged;  the  pre-shot  damage 
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Figure  3  (U)  The  YOV-1  olrcraft  (U). 


Figure  4  (U)  The  CF-1 00  aircraft  (U). 
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was  documented  to  better  assess  the  resultant  damage.  To  minimize 
the  dangers  of  fire  and  to  simulate  the  weight  of  fuel,  all  fuel 
tanks  were  filled  with  water  except  for  one  of  the  OH-6  helicopters; 
sand  bags  were  used  because  of  leaking  tanks.  Each  aircraft  was 
photographed  by  two  moderate  speed  movie  cameras  to  determine 
aircraft  and  coiqponent  response  and  displacements.  Steel  stakes  were 
driven  into  ground  and  viewed  by  the  cameras  as  reference  points 
for  measurements  of  aircraft  displacements.  Actual  aircraft  and 
camera  locations  are  shown  in  Fig  S. 

Cameras 

(U)  The  cameras  used  were  Redlake  HyCam  K2001R,  16mm  full  frame 
cameras.  They  were  operated  at  700-800  frames  per  second  and  the 
data  was  recorded  on  Kodak  Ektachroroe  ER,  type  7257  color  film. 

Prediction  Methodology 

(U)  The  prediction  methodology  consisted  basically  of  determining 

the  most  susceptible  critical  structure  of  each  aircraft,  comparing 

that  structure  with  similar  aircraft  structures  for  which  experimental 

1* 

data  existed,  and  then  scaling  by  Johnson's  relationship  to  predict 
the  same  damage  for  a  yield  of  1  KT.  Difficulties  were  encountered 
with  predictions  for  the  CF-100  because  little  specification  data 
was  available;  the  aircraft  is  obsolete  and  the  manuals  are 
scarce.  The  YOV-1  sin^>ly  could  not  be  con^ared  well  with  any 
aircraft  in  the  damage  data  bank,  and  other  methods  had  to  be  employed. 
The  final  prediction  for  the  YOV-1  included  a  factor  of  conservatism 
in  order  to  assure  that  resultant  damage  would  not  be  greater  than 

♦Superscripts'refer  to  References  at  the  end  of  this  report. 
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predicted;  procurement  of  this  type  aircraft  for  testing  is  very 
difficult  and  it  was  planned  to  use  it  again  in  follow-on  programs. 

RESU’.TS 

(C)  The  tests  results  indicated  that  the  methodology  used  for 
predicting  aircraft  blast  damage  was  reasonably  accurate  for  some  of 
the  aircraft  and  that  modification  will  be  required  for  others. 

A  comparison  between  the  predicted  and  actual  damage  (Table  1) 
based  upon  the  general  categories  of  Light,  Medium,  and  Heavy  damage, 
shows  that  the  two  OH-6  helicopters  responded  as  predicted,  the  UH-1 
helicopter  was  damaged  slightly  more  than  predicted,  and  the  YOV-1  and 
CF-100  aircraft  damage  predictions  were  too  conservative.  When  the 
resultant  damage  was  evaluated  based  upon  the  more  specific 
definitions  of  the  damage  categories,  all  of  the  predictions  appeared 
to  be  more  accurate.  Examples  of  the  kinds  of  damage  that  would  be 
expected  to  satisfy  the  general  damage  categories  are: 

Light  -  Skin  panel  deformation,  broken  stringers,  broken 
Plexiglas,  loose  or  missing  access  panels,  flat  tires,  leaking 
hydraulic  and  fuel  lines,  broken  electrical  wires,  etc. 

Medium  -  Broken  main  structural  members  (longerons,  formers, 
spars,  etc.),  missing  or  badly  deformed  control  surfaces  or  control 
linkages,  misalignment  beyond  tolerances  of  major  structural  components 
(empenages,  tail  booms,  ’.'ings,  landing  gear,  etc.) 

Heavy  -  Damage  more  severe  than  Medium  damage  or  an  excessive 
accumulation  of  Medium  damage  such  thrt  the  aircraft  is  beyond 
reasonable  repair. 
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(Q)  The  following  is  a  summary  of  the  resultant  damage: 

CP-100  -  The  nose  gear  strut  showed  loss  of  hydraulic  fluid  and  the 
nose  gear  door  was  blown  loose  at  two  attachment  points  (Figure  6) . 
Several  replacement  screws  used  to  attach  the  fairing  between  the  right 
(blast  side)  outboard  wing  and  engine  nacelle  were  popped  out.  There 
was  slight  buckling  of  the  center  skin  panels  on  the  right  engine 
nacelle  just  forward  of  the  engine  tail  pipe  (Figure  7) .  One  small 
access  cover  was  blown  off  the  top  center  fuselage. 

0H-6(1)  -  The  helicopter  was  rotated  such  that  the  tail  boom  was 
approximately  8  feet  from  its  original  reference  point.  All  of  the 
Plexiglas  except  for  one  small  window  was  blown  out,  and  all  the  doors 
except  the  right  (side  opposite  the  blast)  rear  door  were  badly  crushed 
or  blown  off  (Figure  8) .  The  cockpit  framework  was  destroyed  down  to 
the  floor  line.  The  engine  intake  and  exhaust  housings  were  crushed, 
twisted,  or  blown  off  (Figure  9) .  The  upper  and  lower  tail  boom  fins 
were  bent  and  broken  (Figure  10) .  The  most  critical  structural  damage 
occurred  on  the  blast  side  in  the  area  where  the  fuselage  and  tail  boom 
are  joined  (Figure  11).  The  joint  was  opened,  indicating  former 
deformation,  and  there  was  severe  skin  panel  buckling. 

UH-1  -  The  helicopter  was  rotated  so  that  the  tail  boom  was  slightly 
more  than  3  inches  from  its  original  reference  point.  All  Plexiglas 
on  the  left  side  (blast  side)  of  the  aircraft  and  on  the  right  rear 
door  was  blown  out.  Tlie  forward  left  door  was  badly  buckled  and  the 
rear  door  was  crushed  inward  about  3  inches,  (Figure  12).  Some  of  the 
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Figure  8  (U)  Front  and  side  fuselage  damage  to  the  OH-6(l)  helicopter  (U) 


Figure  9  (U)  Damage  to  the  intake  and  exhaust  housings  on 
the  OH-6(l)  helicopter  (U). 
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frame  work  between  these  doors  was  twisted  and  buckeled.  The  upper 
left  side  of  the  helicopter  along  the  main  fuselage  length  had  significant 
panel  damage,  which  diminished  over  the  topside.  The  engine  covers  were 
blown  open  and  three  access  panels  on  the  left  side  of  the  aft  fuselage 
were  popped  open.  The  most  severe  damage  occurred  along  the  left  side 
of  the  tail  boom  (Figures  13-14);  skin  was  torn  and  four  formers  were 
broken  loose  from  the  longerons.  The  right  side  and  underside  of  the 
tail  boom  appeared  to  be  undamaged. 

YOV-1  -  Essentially  there  was  no  damage,  but  the  aircraft  was 
rotated  such  that  the  tail  was  slightly  more  than  1  inch  from  its 
original  reference  point.  The  left  side  (blast  side)  canopy  door, 
one  small  access  panel,  and  the  foot  step  door  were  popped  open, 

OH-6(2)  -  The  tail  boom  was  shifted  away  from  the  blast  about  3/4 
inches  from  its  original  reference  point.  All  Plexiglas  on  the  left 
side  (blast  side)  was  blown  out  or  badly  broken.  There  was  some 
broken  Plexiglas  on  the  opposite  side,  probably  caused  by  secondary 
fragments  of  Plexiglas.  There  was  no  apparent  structural  damage  aft 
of  the  rear  doors.  The  left  rear  door  was  badly  damaged  (deformations 
from  1-4  1/2  inches)  and  the  left  forward  door  was  slightly  buckled 
(Figure  15) . 


DISCUSSION  OF  RESULTS 
Camera  Coverage 

(C)  The  camera  coverage  was  intended  to  provide  measurements  of 
deflections  and  displaceinents  of  the  aircraft  and  their  structural 
components.  It  was  difficult  to  make  exact  measurements  because  of 
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Figure  14  (U)  Internal  view  of  tail  boom  damage  on  the  UH-1  helicopter  (U). 
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caaera  angles,  the  complex  dynamics  of  motion  (translation,  rotation, 
and  deflection),  and  picture  size;  however,  some  very  interesting 
information  and  measurements  were  obtained.  All  aircraft  were  dynamically 
displaced  greater  than  the  measured  static  displacements.  This  appeared 
to  result  from  the  motion  of  the  shock  absorption  systems  in  the 
landing  gears.  Films  of  the  CF-100  showed  the  wing  tip  closest  to 
the  blast  raised  8-10  in.  and  the  horizontal  stabilizer,  on  the  same 
side  of  the  aircraft,  raised  slightly  more.  This  suggests  that  some 
deflection  in  the  horizontal  stabilizer  or  aft  fuselage  occurred. 

The  films  of  the  011-6(1)  showed  the  helicopter  being  prevented  from 
overturning  because  of  the  two  rotor  blades  on  the  side  opposite  of 
the  blast  striking  the  ground.  In  addition,  the  forward  blast  side 
rotor  blade  showed  a  6-7  in.  bow  near  the  center-span;  the  loading 
ippeared  not  to  be  from  blast,  but  the  inertia  loading  of  the  blade 
as  the  fuselage  was  rotated.  The  forward  rotor  blade  tip  of  the  Ull-l 
had  risen  approximately  18  in. ,  which  is  not  critical  but  information 
that  could  be  used  to  support  calculations  of  blast  loading  on  a  uniform 
airfoil  cross-section  near  zero  degree  angle  of  attack  to  a  blast  wave. 

No  measurements  could  be  obtained  from  the  camera  coverage  of  the  OV-1 
but  slight  motion  of  the  blast  side  wing  tip  and  the  empenage  could  be 
seen.  For  the  0H-6(2) ,  measurements  were  made  of  the  rotor  blade  tip, 
tail  boom,  vertical  fin  and  main  rotor  blade  hub  displacements. 

Prediction  Assessments 

(C)  Although  the  resultant  damage  to  the  CF-100  aircraft  borders  on 
satisfying  the  requirements  for  Light  Damage,  it  was  sufficiently 
insignificant  to  be  classified  as  No  Damage.  It  is  estimated  that  the 
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pressure  level  of  the  environment  should  have  been  increased  to  5-6  psi. 
Except  for  the  broken  former  damage  to  the  tail  boom  on  the  UH-1 
helicopter,  the  prediction  was  fairly  accurate;  probably  a  reduction  of 
0.5  psi  would  have  given  the  desired  damage.  As  with  the  C-100  aircraft, 
the  YOV-1  aircraft  should  have  been  at  a  pressure  level  1-2  psi 
higher.  Although  these  two  aircraft  were  not  damaged,  thy  data 
are  still  valuable  for  establishing  the  threshold  damage  regions. 

(C)  The  overpressures  measured  along  the  main  blast  lines  indicated 
that  the  actual  overpressures  were  very  close  to  the  predicted  values. 


CONCLUSIONS 

(U)  The  project  as  a  whole  was  considered  a  success.  The  objectives 
were  accomplished;  all  cameras  ran,  measurements  were  made  of  the 
aircraft  displacements,  detailed  descriptions  of  the  resultant 
damage  were  obtained,  and  the  extent  to  which  the  prediction  methodology 
must  be  corrected  was  clearly  indicated.  The  results  of  this  test  have 

also  been  used  as  new  input  data  and  to  check  other  prediction  method- 
Z,  3 

ologies.  In  addition,  considerable  interest  has  been  generated 
in  the  Plexiglas  breakup  of  windows  in  helicopters  and  what  effects 

4 

it  will  have  on  humans  and  the  balanced  survivability  criteria  .  Future 
plans  for  experimental  tests  will  include  studies  of  Plexiglas  breakup 
and  the  effects  of  blast  on  the  aerodynamic  stability  of  in-flight 
helicopters . 
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PROJECT  LN112 

BLAST  EFFECTS  ON  ELECTRICAL  EQUIPMENT  SHELTERS  (U) 

(U)  INTRODUCTION 

The  objective  o£  Project  LN  112  of  E  vent  DIAL  PACK  was 
to  determine  the  response  of  Electrical  Equipment  Shelters  to  blast. 

The  primary  shelter  of  interest  was  the  S-280  Electrical  Equip¬ 
ment  Shelter.  This  shelter  is  one  of  the  components  of  major  Army 
communications  and  electronic  control  systems  which  must  function 
after  exposure  to  blast.  TACFIRE  provided  four  of  these  shelters 
to  the  project.  The  shelters  were  new,  empty,  and  unmodified  in 
any  way.  It  was  not  possible  to  obtain  equipment  to  install  in  these 
shelters.  However,  two  of  these  shelters  were  modified  by  USAECOM 
personnel  at  Ft.  Monmouth,  N.  J.  ,  to  include  weighted  racks  and 
workbenches  to  represent  the  strengthened  conditions  that  might 
be  produced  by  the  installation  of  a  system  within  the  shelter. 

At  a  veiy  late  stage  in  test  planning  two  S-250/G  Electrical 
Equipment  Shelters,  one  S-335/TRC-113  shelter,  and  one  S-390/ 
TRC-145  shelter  were  supplied  to  the  project.  The  latter  two  shelters 
are  the  basic  S-250  shelter  modified  to  include  racks,  workbenches, 
and  other  equipment  corresponding  to  the  particular  system  install¬ 
ation.  The  shelters  are  similar  in  construction  to  the  S-280  shelters, 
but  are  designed  to  be  truck-mounted.  Racks  were  in  place  in  the 
S-335  and  S-390  shelters,  with  block  weights  substituted  for  equip¬ 
ment. 

Figures  1  cuid  2  show  the  outside  configuration  of  the  two  types  ul' 
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Figure  2  (U)  View  of  S-250/G  electrical  equi 
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shelters.  The  walls  are  of  sandwich  construction,  with  stiffening 
members  spaced  at  regular  intervals.  The  inner  and  outer  surfaces 
of  the  walls  are  0.  032 -inch -thick  aluminum  sheets  with  plastic  foam 
bonded  in  between  the  sheets.  The  stiffening  members  are  cduminum 
rods  with  a  hat  cross-section.  The  wadis  of  the  S-280  shelter  are 
two  inches  thick,  and  1.  5  inches  thick  in  the  smaller  shelters. 

(U)  PROCEDURE 

The  most  vulnerable  orientation  of  the  large  shelter  was  expected 
to  be  that  which  placed  the  largest  side  parallel  to  the  incident  blast 
wave  front.  All  shelters  were  placed  so  that  the  side  wall  to  the 
left  of  the  entrance  was  toward  the  charge. 

Calculations  indicated  that  the  shelters  might  be  displaced  sig¬ 
nificantly  by  the  blast.  Such  movement  could  be  damaging  to  systems 
within  the  shelter,  and  therefore  the  shelters  were  tied  down  with 
guy  wires  attached  to  each  corner.  This  is  a  relatively  simple  tech¬ 
nique  to  increase  resistance  to  blast,  and  should  be  operationally 
feasible  for  Army  systems. 

The  placement  of  the  shelters  relative  to  the  explosive  charge 
was  based  on  predictions  of  shelter  wall  response  made  using  a 
single -degree -of -freedom  model.  An  S-280  shelter  with  weighted 
equipment  racks,  the  S-335/TRC-113  shelter  and  the  S-390/TRC-145 
shelter  were  exposed  to  an  incident  shock  front  overpressure  of 
4.  8  psi.  An  S-280  shelter  with  weighted  equipment  racks  and  an 
S-250  shelter  were  exposed  at  3.0  psi,  a  bare -walled  S-280  shelter 
cind  an  S-250  shelter  were  exposed  at  1.7  psi,  and  one  bare -walled 
S-280  shelter  was  placed  at  0.9  psi. 
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The  four  S-280  shelters  were  instrumented  with  electronic 
pres'sure  gages,  accelerometers,  eind  displacement -time  gages. 

Very  rigid  mounts  attached  to  the  floor  of  the  shelter  provided 
the  reference  position  for  the  displacement-time  gages.  The  location 
of  the  electronic  gages  on  the  front  wall  of  the  S-280  shelter  are 
shown  in  Figure  3.  The  wall  sections  were  numbered,  and  these 
numbers  are  used  with  gage  records  to  identify  the  locations  of 
the  gages.  Recording  was  done  with  20  KHz  FM  magnetic  tape 
recorders.  In  addition  to  the  active  gages,  passive  mechanical 
gages  which  recorded  peak  wall  and  roof  deflections  were  installed 
in  all  shelters. 

High-speed  cameras  were  used  to  photograph  the  interior  of 
all  S-280  shelters  and  the  exterior  of  the  shelters  at  4.  8  and  1.  7  psi. 

After  the  shelters  were  prepared  for  the  test,  sand  bags  were 
placed  within  them  to  increase  the  shelter  weights  to  typical  load 
levels.  It  was  not  necessary  to  add  weight  to  the  two  S-280  shelters 
containing  weighted  racks. 

All  shelter  doors  and  vent  opening  covers  were  latched  for  the 
test  so  that  the  shelters  were  essentially  sealed. 

Figure  4  shows  eui  overall  view  of  the  shelters  at  the  4.  8  psi 
station. 

(C)  RESULTS 

After  the  explosion  all  shelters  were  intact  and  in  position,  but 
had  sustained  a  range  of  structural  damage.  The  tie-down  system 
worked  very  well.  There  was  no  indication  that  any  debris  struck 
the  shelters  or  that  any  significant  amount  landed  in  the  vicinity 
of  the  shelters. 
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Figure  3  (U)  Gage  locations  on  the  front  wall  of  the  S-280  shelter 
viewed  from  inside  the  shelter  (U). 
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The  S-280  shelter  exposed  at  the  lowest  pressure  level,  0.  9  psi, 
had  crinkled  skin  on  the  wall  toward  the  blast.  At  stations  closer 
to  the  charge,  deformation  occurred  not  only  in  the  front  Wcill  but 
also  on  the  door  and  end  walls.  At  the  closest  station  the  door 
wall  was  sufficiently  deformed  to  make  door  operation  difficult. 

The  vent  cover  on  this  shelter  was  also  found  open.  The  condition 
of  the  cover  indicated  that  it  remained  intact  during  the  positive 
pressure  load,  but  opened  when  the  pressure  inside  exceeded  the 
pressure  outside,  probably  during  the  negative  pressure  phase  of 
the  blast  wave. 

The  S-250  type  shelter  showed  no  changes  at  1.  7  psi,  crinkled 
skin  on  the  wall  toward  the  blast  at  3.  0  psi,  and  severe  deformation 
with  skin  torn  loose  at  corners  on  the  front  wall  and  top  at  4.  8  psi. 

No  damage  was  evident  to  the  equipment  racks  in  either  the. 

S-280  shelters  or  the  S-335  or  the  S-390  shelters.  However,  in 

« 

the  S-335  and  S-390  shelters  fixtures  were  thrown  violently  from 
the  walls  and  roofs.  Figures  5  and  6  show  the  dangling  light 
fixtures  and  debris  on  the  floor  of  the  S-390/TRC-145  shelter. 

All  instrumentation  operated  with  the  exception  of  one  pressure 
gage  channel  which  failed  prior  to  the  test  and  one  camera.  One 
of  the  acceleration  records  has  rapid  base  line  shifts  and  seems 
unusable.  Six  of  the  remaining  17  acceleration  records  saturated 
on  the  initial  peaks.  The  pressure  gages,  although  providing  good 
records,  seem  to  have  been  ciffected  by  the  acceleration  of  the  wall 
panels  in  which  they  were  mounted. 

Figure  7  shows  the  displacement -time  records  for  Shelter  7, 
the  S-280  shelter  at  0.9  psi.  The  frequency  of  the  oscillation  is 
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about  40  Hz.  The  location  of  the  gages  can  be  determined  by 
referring  to  Figure  3.  The  station  nomenclature  for  System  2, 
Channel  3,  is  such  that  7  refers  to  the  shelter  number,  4  refers 
to  the  wall  section  in  which  the  gage  was  located,  and  D  means 
displacement  gage. 

Figure  8  shows  displacement-time  records  for  Shelter  1,  the 
S-280  shelter  with  weighted  racks  at  4.  8  psi.  The  wadi  was  made 
much  stronger  by  the  addition  of  the  racks,  amd  the  deflection  was 
about  the  saune  as  for  the  bare-wadled  shelter  at  0.9  psi.  The 
frequency  of  oscillation  was  increased  by  the  additionad  stiff  ness 
to  about  110  Hz. 

Figure  9  shows  acceleration  records  obtained  on  the  S-280 
shelter  at  0.9  psi.  Figure  10  shows  the  saune  records  with  an 
expanded  time  scale.  Even  at  this  low  pressure  level  the  wall 
experienced  accelerations  ramging  from+  200  g’ s  to  -  200  g*s. 

Figure  11  shows  an  acceleration  record  obtained  on  the  front 
wadi  of  the  S-280  shelter  at  4.8  psi.  The  peak  positive  magnitude 
is  considerably  above  300  g’s. 

Figure  12  shows  the  record  from  an  accelerometer  which  was 
mounted  on  the  front  of  one  of  the  racks  in  the  S-280  shelter  at 
4.  8  psi.  The  ini ti ad  positive  peak  magnitude  is  about  70  g' s. 

Records  obtained  at  other  locations  in  the  shelters  show  similar 
characteristics. 

Figure  13  shows  the  maximum  inward  deflection  of  the  S-280 
shelters  versus  incident  shock  front  overpressure  as  determined 
using  both  displacement -time  gage  results  and  data  from  the 
mechauiicad  peak  displacement  gages.  The  curves  are  extrapolated 
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Figure  11  (U)  Acceleration-time  record  obtained  in  the  S-280  shelter  with 
weighted  racks  at  4.8  psi  (U). 
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to  the  deflection  which  was  observed  lo  correspond  to  breaking  of 
welds  and  tearing  of  the  skin  of  the  panels  of  both  the  S-280  and 
S-250  shelters.  The  curves  apply  only  for  a  shelter  tied  down 
and  oriented  with  the  long  wall  perpendicular  to  the  direction  of 
shock  front  movement.  If  the  front  wall  begins  to  break  loose  at 
2.  5  psi  as  shown  in  the  figure,  then  catastrophic  failure  of  the 
shelter  seems  likely  at  4.8  psi.  The  addition  of  floor -to -ceiling 
racks  on  both  front  and  rear  walls  greatly  reduced  the  response 
of  the  front  and  top  panels,  and  enabled  the  shelter  to  survive 
at  4.  8  psi. 

Figure  14  shows  similar  curves  for  panel  deflection  for  a 
bare -walled  S-250  shelter,  also  tied  down  and  oriented  as  shown. 

The  top  and  front  wall  were  at  the  failure  level  at  4.  8  psi,  with 
rivets  and  welds  broken  and  skin  torn  loose.  The  end  is  larger 
in  area  them  the  front  wall  and  should  experience  greater  damage 
them  the  front  wall  if  oriented  toward  the  blast.  Thus  it  seems 
unlikely  that  the  shelter  will  survive  a  shock  wave  of  4.  8  psi  with 
the  shelter  in  its  most  vulnerable  orientation. 

(C)  SYSTEM  IMPLICATIONS 

No  electronic  systems  were  exposed  in  the  test,  and  thus  no 
conclusive  statements  concerning  the  continui ng  functioning  of 
particular  systems  after  exposure  lo  blast  can  be  made.  However, 
the  acceleration  levels  measured  in  the  S-280  shelters  and  probable 
in  the  smadler  shelters  were  well  above  those  which  electronic 
equipment  normally  can  survive.  The  basic  S-250  shelter  was  at 
the  failure  level  at  4.  8  psi  incident  overpressure.  The  larger  S-280 
shelter  was  found  to  require  reinforcement  of  all  walls  and  the 
roof  to  survive  at  4.  8  psi  for  a  blast  wave  striking  at  a  random 
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SHOCK  FROMT  CfVERFRESSURE,  PSI 

Figure  14  (C)  Maximum  inward  deflection  of  panels  of  the  S-250  shelters 
versus  incident  shock  front  overpressure  (U). 
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orientation. 

The  primary  implication  for  shelter  systems  from  these  test 
results  are  that  the  placement  and  mounting  of  system  components, 
the  shock  isolation  characteristics  of  the  systems,  and  the  levels  of 
shock  and  vibration  which  system  components  can  stand  will  determine 
the  continued  operation  of  the  shelter  system  after  exposure  to 
blast.  Thus  each  shelter  system  and  system  configuration  requires 
examination  to  determine  its  susceptibility  to  blast. 

(C)  CONCLUSIONS  AND  RECOMMENDATIONS 

The  bare -walled  S-280  shelter  will  not  survive  at  4.  8  psi  over¬ 
pressure.  No  wall  panel  will  survive  in  the  S-280  shelter  at  4.  8  psi 
incident  overpressure  without  being  strengthened,  if  the  most  vulner¬ 
able  orientation  of  the  wall  is  assumed. 

The  bare -walled  S-250  shelter  is  at  the  failure  level  at  4.8  psi 
incident  overpressure  for  the  orientation  used  in  this  test,  both  for 
the  front  wall  and  top.  For  an  orientation  where  the  wall  opposite 
the  door  is  toward  the  charge,  failure  is  expected  at  less  than 
4,  8  psi  because  of  the  larger  panel  area. 

The  statements  above  for  levels  of  overpressure  for  failure 
assume  the  explosion  is  equal  to  or  larger  than  the  , explosion  of 
500  tons  of  TNT, 

Systems  designers  must  carefully  examine  placement  and  mounting 
of  racks  and  equipment  within  a  shelter  to  insure  structural  survival 
of  the  shelter  to  blast.  They  must  also  carefully  evaluate  the  shock 
resistance  of  their  system  components,  and  by  selection  of  compo¬ 
nents  and  by  shock  isolation  techniques  protect  the  system  from  the 
acceleration  levels  generated  by  blast  loading. 
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Further  testing  of  shelter  systems  to  blast  should  include  actual 
system  components  which  are  activated  and  instrumented. 

To  improve  resistance  to  blast,  shelters  used  by  the  Army 
should  be  tied  down  securely  where  this  is  feasible. 

Consideration  should  be  given  to  the  design  of  a  special  shelter 
to  provide  blast  protection  to  electronic  and  electrical  systems. 
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W.  R.  Conley,  Project  Officer 
Naval  Ship  Research  and 
Development  Center 


PROJECT  LN113 

RESPONSE  OF  NAVAL  TEST  STRUCTURES 
TO  AIR  BLAST  (U) 

IMTRODUCTION 

(U)  The  primary  objective  of  project  LN  113  was  to  obtain  air  blast  loading 
and  structural  response  data  for  several  examples  of  topside  shipboard  equip¬ 
ment  and  structures.  Specific  objectives  were  as  follows: 

1.  To  determine  the  magnitude  and  character  of  shock  motions  induced  by  air 
blast  on  two  model  deckhouses. 

2.  To  obtain  experimental  structural  response  of  several  communication 
antennas . 

3.  To  determine  the  adequacy  of  the  design  of  the  communication  antennas 
tested ., 

4.  To  determine  the  air  blast  loading  on  a  radar  antenna  reflector. 

EQUIPMENT  TESTED 

One-Third  Scale  Model  Deckhouses 

(U)  In  a  cooperative  effort  between  the  Naval  Construction  Research  Establishment 
(NCRE),  Dunfermline,  Fife,  Scotland,  and  NSRDC,  shock  motion  measurements  were 
made  by  NSRDC  on  the  NCRE  deckhouses.  Two  deckhouses  were  tested  at  10  psl 
overpressure.  One  deckhouse  was  fabricated  from  aluminum  (yield  strength  27.8 
ksi)  and  the  other  from  steel  (yield  strength  33.6  ksi).  The  deckhouses  were 
prototypes  of  a  design  used  by  the  British  which  incorporates  vertical  framing 
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as  opposed  to  longitudinal  framing  used  in  U.  S.  Navy  ships  (See  Figure  1). 
Each  deckhouse  was  fixed  to  a  concrete  foundation  by  a  number  of  one  inch 
diameter  steel  bolts. 

Whip  Antennas 

(U)  Two  types  of  35  ft  whip  antennas,  the  NT  66047  made  of  aluminum  and  the 
AT  1022/SR  made  of  glass  reinforced  plastic  (GRP)  were  tested.  One  aluminum 
and  one  GRP  antenna  were  Installed  at  the  predicted  8  psi  range.  A  single 
GRP  antenna  was  installed  at  the  predicted  15  psi  range.  Each  antenna  was 
mounted  on  a  steel  support  box  on  a  concrete  foundation. 

(U)  The  NT-66047  is  a  35-ft  aluminum  whip  antenna  composed  of  five  equal 
length*  of  6061-T6  aluminum  tube.  The  lengths  are  joined  together  by  fitting 
the  adaptor  sleeve  at  the  bottom  of  the  upper  pieces  into  the  larger  diameter 
lower  pieces  and  securing  the  joint  with  a  threaded  cap  and  lock  nut.  The 
NT-66047  was  standardly  mounted  on  the  IL-18/U  insulator  feedthrough. 

(U)  The  AT-1022/SR  is  a  35-ft  GRP  whip  antenna  composed  of  two  sections 
approximately  equal  in  length.  The  antenna  is  uniformly  tapered  from  an 
outside  diameter  at  the  base  of  5-1/2  inch  into  an  outside  diameter  at  the 
top  of  1-1/2  in. 

(U)  Figure  2  shows  the  NT-66047  aluminum  whip  antenna  and  the  AT-1022/SR 
GRP  antenna  installed  at  the  predicted  8  psi  range. 
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Figure  1  (U)  NCRE  deckhouses  at  the  predicted  10-psl  range  (U). 


Figure  2  (U)  The  AT  1022/SR  glass-reinforced  plastic  whip  antenna 
(right)  and  the  NT  66047  aluminum  whip  antenna  (left) 
at  the  predicted  8-psi  range  (U). 
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Wire  Rope  Antennas 

(U)  Two  ^2-3  dual  twin  fan  wire  rope  transmitting/receiving  antennas  were 
tested.  This  antenna  is  constructed  of  5/16  in.  type  C  (6x19)  phosphor 
bron^wire  rope.  It  was  attached  to  the  support  columns  using  standard 
connectors  and  fittings  at  each  end.  The  length  of  the  transmitting  wire  is 
approximately  57  feet.  With  insulators,  turnbuckles,  safety  links,  and  various 
other  components  installed  the  overall  length  is  approximately  66  ft.  These 
antennas  were  placed  at  right  angles  to  the  direction  of  propagation  of  the 
blast  front  at  the  predicted  10  and  15  psi  ranges.  Steel  columns  set  in 
concrete  served  as  end  supports.  (See  Figure  3). 

AN/SPS/lOE  Radar  Antenna  Reflector 

(U)  The  air  blast  loading  on  an  AN/SPS-lOE  radar  reflector  due  to  diffraction 
and  drag  was  measured  by  suspending  the  reflector  in  a  pendulum  type  con¬ 
figuration  (See  Figure  4)  and  recording  its  motion  during  the  blast  using 
two  accelerometers  and  a  high  speed  camera.  Applied  load  can  be  calculated 
using  the  measured  acceleration  and  the  known  mass  of  the  reflector. 

INSTRUMENTATION 


Transducers 

(U)The  target  structures  were  instrumented  with  a  total  of  35  transducers 
for  the  measurement  of  strain,  acceleration,  and  velocity.  Three  pressure 
transducers  were  located  at  the  predicted  8,  10  and  15  psi  overpressure  range 
to  record  the  actual  overpressure.  The  signal  from  each  transducer  (except 
velocity  meters),  was  transmitted  by  an  eight-conductor  shielded  cable 
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Figure  3  (U)  The  2-3  wire  rope  antenna  installation  at  the 
predicted  15-psi  range  (U). 


Figure  4  (U)  The  AN/SPS-lOE  radar  antenna  reflector  installed 
at  the  10-psi  range  (U). 
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running  from  the  target  to  the  Instrumentation  trailer.  The  velocity  meter 
cabling  consisted  of  two-conductor  shielded  cables.  Average  cable  runs  from 
the  target  structure  to  the  blast  resistant  bunker  housing  the  instrumentation 
trailer  were  approximately  1900  feet.  All  cables  were  laid  in  trenches  and 
covered  with  soil  before  the  test.  The  instrumentation  trailer  was  equipped 
with  three  tape  recorders.  Each  recorder  was  a  lA-channel  frequency-modu¬ 
lation  machine,  having  a  frequency  response  of  0  to  20,000  Hz.  Input  voltages 
from  the  transducers  were,  in  general,  amplified  to  0.7  volt  before  being  fed 
into  the  tape  recorders.  One  channel  on  each  recorder  recorded  a  time  code 
signal  compatible  with  digitizing  playback  equipment  at  NSRDC.  One  other 
channel  on  one  recorder  recorded  the  time  of  detonation.  The  recorders  were 
started  manually  two  minutes  before  detonation,  Z-2  minutes. 

(U)  Calibration  was  accomplished  by  recording  a  step  pulse  (Cal-step)  re¬ 
presenting  a  known  transducer  output  value  on  each  channel  prior  to  and 
following  the  event.  Accelerometers  and  velocity  meters  were  calibrated  at 
NSRDC  to  determine  the  relationship  between  motion  input  and  signal  output. 

(U)  The  instrumentation  effort  consisted  primarily  of  velocity  meters  for 
the  deckhouses,  strain  gages  for  the  whip  antennas,  load  cells  for  the  wire 
rope  antennas,  and  accelerometers  for  the  AN/SPS-lOE  radar  reflector.  A 
summary  of  this  information  follows; 

(U)  NCRE  Deckhouses  -  Seventeen  DTMB  type  velocity  meters  were  used  to 
monitor  air  blast  Induced  shock  motions  in  the  aluminum  deckhouse.  Five 
DTMB  type  velocity  meters  were  used  in  the  steel  deckhouse.  Gage  positions 
are  indicated  in  Figure  5. 
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(U)  Whip  Antennas  -  Three  strain  gage  channels  per  antenna  were  used  to 
measure  structural  response  of  the  NSRDC  whips.  Gage  positions  are  as  In 
Figures  6  and  7. 

(U)  Wire  Rope  Antennas  -  One  load  cell  per  antenna  was  used  to  measure  tension 
In  the  antenna  due  to  the  blast  loading.  Gage  positions  are  shown  In 
Figure  8. 

(U)  AN/SPS-lOE  Reflector  -  Two  accelerometers  were  used  to  measure  motion  of 
the  suspended  antenna  reflector.  Gage  positions  are  shown  in  Figure  9. 

(U)  Three  tape  recorders  and  associated  signal  conditioning  equipment  were 
located  In  the  NSRDC  concrete  bunker  Inside  the  Instrumentation  trailer. 

With  38  data  channels,  one  det  zero  (time  of  detonation)  channel,  and  three 
time  code  channels  (one  per  recorder),  the  total  instrumentation  effort  waa 
42  channels. 

(U)  Six  high-speed  cameras  running  at  approximately  1000  frames  per  second 
were  used  for  photographic  coverage  during  the  test.  These  cameras  were 
enclosed  In  blast  resistant  housings  attached  to  wooden  poles  averaging  about 
4  feet  high.  Five  of  these  cameras  were  positioned  to  record  the  response 
motions  of  the  targets.  One  high  speed  camera  was  located  at  a  range  of 
approximately  1250  ft  looking  toward  GZ  to  photograph  the  entire  NSRDC 
sector  and  the  fireball.  A  timing  signal  at  Z-1-1/2  seconds  remotely  started 
the  cameras  which  ran  for  approximately  4-1/2  seconds  stopping  at  Z  +  3 
seconds.  The  photographic  coverage  also  included  over  200  still  photos 
taken  both  pre-and  postshot. 
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A-10E-1  &  A.10E-2 


G.Z. 


Figure  9  (U)  AN/SPS-lOE  radar  antenna,  reflector  truss  (U) 
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RESULTS 

Transducer  Instrumentation 

(U)  All  42  data  channels  were  successfully  recorded  with  signals  comparable 
to  the  calibration  steps  recorded  before  the  shot.  No  channels  were  over¬ 
loaded  and  no  extremely  low  level  signals  were  received.  Noise  on  all 
channels  was  within  expected  tolerances.  One  strain  gage  channel  ceased 
recording  500  msec  after  the  initial  gage  response  but  did  post-calibrate 
adequately.  The  significant  part  of  this  record  was  obtained  in  the  first 
300  msec.  At  Z  +  5.448  seconds,  a  momentary  power  failure  occurred  in  the 
Instrumentation  trailer.  Recorders  were  immediately  restarted  manually 
and  recording  of  the  post-calibrations  was  completed.  All  significant 
data  was  obtained  before  power  was  lost  and  therefore  the  power  failure 
was  of  no  consequence  to  the  success  of  the  recording  effort, 

(U)  Seventeen  velocity  meters  were  installed  in  the  aluminum  deckhouse  to 
monitor  air  blast  induced  shock.  Five  velocity  meters  were  installed  in 
the  steel  deckhouse.  All  meters  were  epoxied  in  place.  Eighteen  of  the 
twenty-two  velocity  meters  dislodged  from  the  deck  at  different  points  in 
time  following  the  arrival  of  the  blast.  These  times  were  determined  by 
studying  the  processed  digital  record  and  noting  the  time  at  which  the 
velocity  meter  ceased  picking  up  high  frequency  structural  vibrations.  All 
records  are  valid  for  the  initial  peak  velocity  and  a  great  majority  remained 
intact  for  enough  time  to  obtain  the  maximum  displacement.  Hence,  much 
useful  data  was  obtained  before  the  separation  occurred  between  the  velocity 
meter  and  deck  plating. 
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(U)  Peak  values  of  velocity  from  the  NCRE  d'ickhouses  are  presented  in 
Tables  1  and  2,  The  values  generally  represent  the  magnitude  of  the  first 
significant  peak  in  the  record.  However,  selection  of  a  single  peaj^  from 
an  oscillating  record  is  subjective.  Due  to  the  large  quantity  of  data 
obtained,  it  is  not  practical  to  present  plots  from  all  transducers.  All 
plots  are,  however,  available  at  NSRDC,  A  sample  uncorrected  velocity 
record  is  presented  in  Figure  10.  A  sample  corrected  velocity  record  is 
shown  in  Figure  11.  Peak  displacementb  obtained  from  numerically  in¬ 
tegrating  the  velocity  records  are  presented  in  Tables  1  and  2.  A  sample 
plot  of  displacement  from  a  velocity  meter  record  is  presented  in  Figure  12. 

(C)  Peak  values  of  strain  on  the  whip  antennas  are  presented  in  Table  3. 

A  sample  strain  record  is  shown  in  Figure  13. 

(C)  A  sample  acceleration  rec6rd  from  the  radar  antenna  reflector  is 
shown  in  Figure  14.  Peak  values  are  presented  in  Table  4.  The  records 
were  integrated  twice  to  obtain  velocity  and  displacement  as  a  function  of 
time.  A  sample  velocity  and  displacement  record,  respectively,  is  shown  in 
Figures  15  and  16. 

(C)  Peak  forces  measured  in  the  wire  rope  antennas  are  given  in  Table  5. 

A  sample  record  is  shown  in  Figure  17 . 

(U)  Peak  overpressures  are  presented  in  Table  6.  Figures  18,  19  and  20 
present  the  free  field  overpressure  records. 

Photography 

(U)  All  six  high  speed  cameras  started  and  ran  during  the  test  as  planned. 
All  film  was  processed  and  exposure  was  found  to  be  acceptable. 
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Table  1  (U)  Aluminum  deckhouse  velocity  meter  results  (U) 
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Transducer 


Location 


Reference 
Figure  No. 


Peak  Acceleration 

(o’s) 


A-lOE-1 

Top  Rear  Reflector 
Truss  at  Center 

9 

112 

Bottom  Rear 

A-lOE-2 

Reflector  Truss 
at  Center 

9 

118 

Transducer 

Predicted 
Pressure  Range 
(psi) 

Reference 
Figure  No. 

Peak  Load 
(pounds) 

L-LWO-1 

10 

8 

3880 

L-LW5-1 

15 

8 

5000 

^Ti^r^nTO'w^fiRr^rwr^r^rvTrwroinRfwryi/vrwptJ^  A.H  nx  .nkT'.YK’i^vxv^  v'x^tmvuvk  vuvuvtc^ 


CONFIDENTIAL 


QNODaS  dBd  i33d  Nl  AXQOnaA 


CONFIDENTIAL 


■WWnww^WWwwwwwimvwirw^irm.wirwirwwirwinrirKv^inwwiirw-ifiiv'Kir^ir  w itr T^^-n-vw-w ^^WT^ ■  nw  f\»  rv* r\w  r\«»  n.mrww  j 


UNCLASSIFIED 


1 

■■■■ 

HHI 

mia 

IShB 

IHH 

RSH 

■■■■ 

UH 

n 

n 

IHH 

IHm 

^BHf 

■n 

n 

■ 

■ 

mmi 

H 

■ 

■ 

■ 

■ 

■ 

■ 

IBHH 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

H^H 

WBIH 

Him 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

HH 

n 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

Hi 

la 

R 

RH 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

11 

B 

B 

B 

B 

H 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

HE 

m 

B 

B 

B 

B 

■ 

1 

■ 

■ 

■ 

■ 

■ 

■ 

HE 

il 

R 

B 

B 

B 

n 

■ 

■ 

1 

■ 

■ 

■ 

■ 

■ 

■ 

wm 

IB 

R 

■ 

B 

fl 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

RH 

IB 

R 

B 

B 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

im 

IB 

R 

B 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

HI 

IB 

B 

! 

B 

B 

■ 

■ 

■ 

■ 

1 

■ 

■ 

■ 

■ 

■ 

B 

■ 

■1 

IB 

B 

I 

B 

B 

■ 

■ 

■ 

1 

■ 

■ 

■ 

1 

R 

a 

■ 

■1 

IB 

R 

B 

B 

B 

■ 

■ 

■ 

1 

■ 

■ 

■ 

i 

a 

■ 

■ 

■1 

■■ 

R 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

K 

■ 

■ 

■ 

■1 

IB 

B 

B 

B 

B 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

B 

■ 

■ 

■ 

■1 

IB 

B 

B 

B 

■ 

■ 

■ 

■ 

■ 

■ 

p 

SI 

I 

■ 

■ 

■ 

■1 

IB 

R 

B 

B 

B 

1 

1 

1 

1 

■ 

1 

■ 

1 

a 

s 

1 

1 

1 

1 

1 

■ 

1 

1 

1 

■ 

I 

I 

K 

■ 

1 

1 

I 

1 

1 

■1 

IB 

B 

B 

B 

B 

1 

1 

■ 

■ 

1 

1 

1 

■ 

■ 

1 

■ 

■ 

■ 

■ 

■ 

■1 

IB 

B 

B 

B 

B 

1 

1 

1 

1 

■ 

1 

I 

1 

9 

■ 

1 

■ 

1 

■ 

■ 

■ 

■1 

IB 

B 

B 

1 

1 

I 

1 

I 

■ 

a 

a 

1 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■1 

IB 

■ 

B 

■ 

B 

1 

■ 

■ 

1 

a 

1 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■1 

IB 

B 

B 

B 

B 

5 

Ib 

1 

B 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■ 

■i 

i5 

1 

B 

B 

B 

■ 

■ 

■ 

■ 

■ 

1 

■ 

■ 

■ 

■ 

1 

■ 

■ 

■ 

■ 

■ 

■1 

IR 

B 

B 

B 

B 

00  ^  (N  O  C^4 

ISd  Nl  3iinSS3dd 


O 

Z 

O 

U 

liJ 

i/> 


UJ 


I 

o 


I 

o. 


c 

o 


0) 

O) 

c 

o 


I 

8 

o 


o 

\m 

0) 

O) 

o 

D> 


0) 

L. 

D 

•? 


.V-r 


UNCLASSIFIED 


93 


u*N 


iii 

I 

I 

V 

1 


'0  V'  '■'h'! 


UNCLASSIFIED 


Figure  20  (U)  Pressure  gage  record,  840-foot  range  (transducer  P-15-1)  (U). 
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The  cameras  covering  the  whip  antennas  and  antenna  reflector  obtained  ex¬ 
cellent  coverage  of  target  response.  The  overall  camera  view  was  also  good. 
However,  the  two  cameras  covering  the  wire  rope  antennas  were  hit  by  debris 
during  the  initial  target  response.  The  camera  at  the  15  psi  range  was 
partially  tilted  downwards  and  complete  target  response  was  not  obtained. 
Some  significant  data  was  obtained,  however,  in  this  condition.  The  camera 
at  the  10  psi  range  rendered  some  useful  data  also,  but,  due  to  its  close 
proximity  with  the  ground  surface,  dust  obstructed  the  view  of  the  complete 
target  response.  Adequate  documentary  movie  and  still  photo  coverage  was'" 
obtained . 


Damage  to  Target  Structures 


One-Third  Scale  Model  Deckhouses 

(U)  No  visible  damage  was  noted  on  the  aluminum  and  steel  deckhouses 
except  for  a  slight  amount  of  dishing  of  the  plating  on  the  blast  side  of 
each  deckhouse.  Permanent  deformations  were  determined  by  NCRE  using  sur¬ 
veying  techniques  and  will  be  reported  by  them.  NSRDC's  primary  interest 
in  the  deckhouses  was  to  make  measurements  of  air  blast  Induced  shock  motion 
within  the  structures.  Assessment  of  the  damage  to  the  deckhouses  themselves 
will  be  made  by  NCRE. 


Whip  Antennas 


(C)  The  35  foot  fiberglass  antennas  at  predicted  8  psi  and  15  psi  survived 


the  blast  with  no  visible  damage.  Strain  measurements  indicate  the  antennas 
responses  were  well  within  the  elastic  range.  The  35  foot  aluminum  antenna 
reached  the  onset  of  structural  failure.  Evidence  of  plastic  yielding  could 
be  seen  in  sections  fourteen  feet  above  the  base  (See  Figure  21).  Measured 
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strains  indicate  the  yield  point  of  the  aluminum  had  been  reached.  The 
antenna  could  still  be  considered  operable  but  very  close  to  the  point 
of  ultimate  structural  failure. 

Wire  Rope  Antennas 

((^)  The  41^2-3  long  wire  rope  antenna  at  predicted  10  psi  suffered  a  slight 
degradation  due  to  failure  of  the  safety  links  (see  Figure  22) .  This 
condition  would  not  inqpair  the  antenna  electrically  and  therefore  it  would 
remain  operable.  The  identical  antenna  at  15  psi  failed  catastrophically 
approximately  80  milliseconds  after  the  shock  wave  arrived;  see  Figure  23. 
The  middle  wire  failed  in  the  cable  composing  the  safety  link  and  would 
have  been  grounded  or  shortened  out  further  transmissions  had  the  antenna 
been  operating.  The  vulnerability  of  the  long  wire  rope  antennas  to  a 
one  megaton  weapon  has  been  determined  by  extrapolation  to  be  between  5.0 
and  7.5  psi  overpressure. 

AN/SPS-IO-E  Radar  Reflector 

(C)  The  reflector  was  not  tested  for  its  vulnerability  to  air  blast  but 
rather  to  obtain  loading  data  which  would  be  used  in  antenna  design  and 
analysis.  The  reflector  was  undamaged  during  the  test. 

DISCUSSION 

Overpressures 

(U)  Free  field  overpressures  were  monitored  at  the  three  ranges  at  which 
NSRDC  had  test  structures.  As  can  be  seen  from  Figures  18,  19,  and  20, 
the  pressure  time  histories  are  rcn -classical  during  the  first  5-6  milli¬ 
seconds  . 
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A  double  peak  occurred  on  all  records  Indicating  the  presence  o£  a  multiple 
shock.  Selection  of  a  peak  value  for  each  overpressure  range  is  subjective 
due  to  the  fact  that  normally,  the  first  peak  is  the  greatest  in  magnitude. 

In  these  records  the  second  peak  is  the  larger  of  the  two  but  dies  off 
rather  quickly  to  a  value  comparable  to  the  first  one.  The  peak  values 
presented  in  Table  6  are  the  ones  the  author  feels  would  be  the  peak 
overpressures  for  a  classical  shock  wave  of  this  sort.  The  structures  tested 
by  NSRDC  were  primarly  drag  type  targets;  i.e.,  they  were  much  more  sensitive 
to  the  dynamic  pressure  than  the  overpressure. 

Significance  of  Data 

(U)  Tlie  data  obtained  from  this  test  satisfied  the  first  specific  objective; 
chat  is,  the  magnitude  and  character  of  shock  motions  Induced  by  air  blast 
on  the  two  NCRE  deckhouses  were  determined.  The  length  of  record  which  is 
valid  is  not  as  long  as  one  might  wish  but  moat  records  are  long  enough  to 
obtain  useful  information  concerning  the  magnitude  and  character  of  the 
shock  motions. 

(U)  The  second  stated  objective  was  met  very  well.  Experimental  structural 
response  for  the  whip  antennas  and  wire  rope  antenna  were  determined.  The 
third  objective,  determining  the  adequacy  of  the  design  of  thdse  antennas 
was  also  met. 

The  fourth  objective,  to  determine  the  air  blast  loading  on  a  radar 
antenna  reflector,  was  also  accomplished  successfully. 

CORRELATION  WITH  PREDICTIONS 

One-Tliird  Scale  Model  Deckhouse 

(U)  Predictions  of  the  structural  response  of  the  aluminum  and  steel  deckhouses 
to  the  blast  were  made  by  the  use  of  an  NSRDC  computer  program  in  which 
the  deckhouses  wore  modeled  as  multi-degree  of  freedom  systems. 
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(U|  Output  from  the  program  Included  accelerations,  velocities  and  displace¬ 
ments  o£  various  positions  within  the  deckhouses. 

(U)  Tlie  average  measured  peak  velocities  for  the  meters  Installed  In  the 
aluminum  deckhouse  were  approixlmately  86  percent  of  the  average  predicted 
peak  velocities.  The  average  measured  peak  velocities  In  the  steel  deckhouse 
were  approximately  36  percent  of  the  predicted  peak  velocities. 

(U)  The  assumption  that  the  foundations  of  the  deckhouses  were  fixed;  that 
is,  would  not  move  during  the  test  was  not  verified.  A  velocity  meter  locat¬ 
ed  on  the  base  of  the  aluminum  deckhouse  Indicated  a  peak  horizontal  velocity 
of  1.65  feet/aecond.  , 

(U)  The  data  obtained  during  Event  DIAL  PACK  on  the  NCRE  deckhouses  Is  cur- 
teatl'y  helhg  analysed  and  C(ang>ared  with  the  theoretical  predictions  of  the 
deckhouse  rasponae. 

Whin  Aatennaa 

(C)  Predictions  of  the  maximum  strain  for  the  GRP  whip  antenna  at  the  8  psl 
predicted  range,  after  being  adjusted  for  the  measured  7.7  psl,  are  an  average 
of  about  10  percent  lower  than  the  measured  peak  strains.  At  the  15  psl  pre¬ 
dicted  range,  after  being  adjusted  for  the  measured  13.6  psl,  the  predicted 
strains  for  the  GRP  whip  are  approximately  20  percent  higher  than  the 
measured  values.  In  the  high  speed  movies,  the  8  psl  GRP  antenna  Is  seen  to 
deflect  horizontally  9.2  feet  as  compared  to  the  predicted  8.1  feet.  The  15 
psl  whip  was  predicted  to  deflect  17.9  feet;  the  measured-deflection  obtained 
In  the  movie  was  16.7  feet.  Strain  records  Indicate  natural  frequencies  In 
the  fundamental  and  higher  modes  which  correlate  very  well  with  predicted 
modal  frequencies.  Peak  measured  strains  indicate  that  the  antenna  material 
remained  well  within  the  acceptable  stress  levels. 
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((3)  The  8  psi  (predicted)  aluminum  whip  antenna  was  predicted  to  go  into 
the  plastic  range  and  fall.  Records  indicate  yield  strains  occurred  where 
expected.  Predicted  natural  frequencies  were  of  the  same  order  as  those  ob¬ 
tained  from  the  strain  records.  The  8  psi  aluminum  antenna  was  predicted 
to  deflect  16.5  feet;  the  measured  deflection  from  the  high  speed  movies 
was  18.7  feet.  The  antenna  reached  the  onset  of  structural  failure  as  can 
be  seen  from  the  strain  records  and  yielding  of  the  material. 

Interestingly  enough^  the  high  speed  movies  gave  insight  into  the 
effect  of  higher  modal  frequencies  which  are  induced  in  the  antenna  due  to 
the  blast.  These  higher  frequencies  can  be  seen  quite  readily  and  their 
effect  contributed  significantly  in  the  overall  response  pattern. 

Wire  Rope  Antenna 

(C)  Predictions  of  the  maximum  tensile  load  in  the  (predicted)  end 
components  of  the  wire  rope  antenna  at  the  10  psi  level  were  approximately 
13  percent  higner  than  the  peak  measured  load.  The  safety  links  failed  as 
predicted. 

((j)  The  wire  rope  antenna  at  the  15  psi  (predicted)  range  was  predicted 
to  fail.  The  strain  insulator  in  the  end  components  was  suspected  to  be 
the  weakest  link.  The  antenna  did  fail  catastrophically  after  failure  of 
the  safety  links  but  not  in  the  expected  component.  The  wire  composing 
the  safety  link  in  the  middle  wire  failed  approximately  80  milliseconds 
after  the  arrival  of  the  shock  front.  Unfortunately,  yielding  of  the 
cross  brace  supporting  the  wire  rope  antenna  (see  Figure  24)  occurred) reliv 
ing  the  tension  in  the  remaining  two  cables  and  therefore  relieving  the 
tension  in  the  end  components  which  were  suspect,  Tlie  maximum  tensile 
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force  in  the  two  remaining  cables  after  failure  of  the  middle  one  was  about 
5000  pounds  or  2500  pounds  per  cable.  This  was  not  enough  tension  to  break 
the  strain  Insulator. 

An/SPS-lOE  Radar  Reflector 

(Q)  Predictions  of  the  maximum  loading  oh  the  reflector  were  35  percent 
lower  than  the  value  calculated  from  the  measured  accelerations.  The  peak 
loading  on  the  antenna  was  calculated  to  be  In  the  order  of  7500  pounds  (using 
the  relationship,  i  iSorce  *  taass  times  acceleration).  Further  studies  will  be 
made  to  refine  the  method  of  predicting  the  loading. 

EVAUIATIOH  OF  TEST  PROCH)URES 

(U)  The  procedures  followed  In  the  preparation  and  execution  of  this  test 
were,  for  the  most  part,  successful.  Dlslodgement  of  the  velocity  meters 
fcon  their  bases  was  the  most  serious  problem^  encountered.  Although  the 
effect  was  undesirable,  Its  results  were  not  catastrophic.  No  failures  of 
the  transducers  or  recording  equipment  occurred.  All  data  channels  are 
uaable  and  the  records  are  considered  valid  within  three  percent.  The 
high-speed  photography  was  successful.  All  cameras  ran,  although  two  of 
the  six  were  hit  by  debris  and  were  tilted  partially  downward.  However, 
useful  data  could  still  be  obtained  from  the  films.  All  data  has  been  re¬ 
covered,  put  into  usable  form,  and  is  currently  being  analyzed. 

Conclusions 

(U)  Continued  large  air  blast  trials  such  as  Event  DIAL  PACK  are  required. 
Equipment  not  suitable  for  testing  in  shock  tubes  should  be  tested  during 
field  trials.  Many  areas  of  air  blast  remain  experimentally  uninvestigated 
such  as  the  response  of  aircraft  carriers  and  associated  components,  not  to 
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mention  a  variety  of  exposed  shipboard  equipment.  Tests  such  as  these,  of 
course,  should  be  paralleled  by  theoretical  studies  to  determine  areas 
where  technological  gaps  remain  and  empirical  data  is  required. 

(U)  The  specific  objectives  of  Event  DIAL  PACK  Project  LN113  were  successful¬ 
ly  accomplished  as  follows: 

1.  The  magnitude  and  character  of  air  blast  induced  shock  motions  on  two 
1/3  scale  model  deckhouses  were  successfully  measured. 

2.  Structural  response  to  air  blast  of  two  types  of  shipboard  communications 
antennas  were  monitored. 

3.  The  air  blast  vulnerability  of  the  communications  antennas  tested  was 
determined  allowing  evaluation  of  the  adequacy  of  the  present  design. 

4.  The  air  blast  loading  on  space  frame  type  radar  antenna  reflector  was 
determined  by  recording  acceleration  of  the  suspended  reflector. 
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D.J.  Roddy 

U.S.  Geological  Survey 


PROJECT  LN303 

U.S.  GEOLOGICAL  SURVEY  ACTIVITIES 


Introduction 

The  500- ton  TNT  Dial  Pack  sphere  was  detonated  in  July 
1970,  tangent  to  a  ground  surface  underlain  by  poorly  consolidated 
alluvium  at  the  Defence  Research  Establishment  Suffield,  Alberta, 
Canada.  The  U.  S.  Geological  Survey  participated  in  this  trial  to 
study  the  structural  deformation  and  cratering  processes  and 
make  morphological  and  structural  comparisons  between  this 
crater,  earlier  explosion  craters,  and  large  terrestrial  and  lunar 
impact  craters.  Field  and  laboratory  studies,  and  high  speed 
airblast  and  aerial  stereographic  photography  were  completed  to 
assist  in  this  study.  The  crater  and  surrounding  ejecta  blanket 
were  also  used  as  a  field  test  site  for  thirteen  of  the  astronauts  as 
part  of  the  U.  S.  Geological  Survey/National  Aeronautics  and 
Space  Administration  Apollo  training  program.  A  brief  summary 
is  given  in  this  paper  of  A)  Geologic  and  structural  studies  of  the 
Dial  Pack  Crater,  and  B)  Lunar  applications. 


A)  Geologic  and  Structural  Studies  of  the  Dial  Pack  Crater 
Aerial  and  Ground  Photography 

The  U.  S.  Geological  Survey  flew  oblique,  stereo  and  high 
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speed  airblast  photography  using  a  Cessna  170  with  high/low 
altitude  capabilities.  The  high  speed  airblast  photography  was 
completed  with  a  set  of  four  Milliken  cameras  mounted  on  a 
moveable  platform  in  the  side  of  the  aircraft  (figs.  1,  2,  3).  At 
shot  time  the  aircraft  was  flown  at  approximately  18,000  feet  in  a 


Figure  1  U.S.  Geological  Survey  Cessno  170  with  four  Milliken  high¬ 
speed  cameras  mounted  on  moveable  platform  with  baggage 
access  door  removed. 
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circular  orbit  around  ground  zero.  A  predetermined  bank  angle 
was  maintained  during  the  orbiting  and  the  cameras  were 
continuously  pointed  by  this  writer  at  the  explosion  and  expanding 
shock  wave.  The  equipment  configuration  allowed  the  full  20 
seconds  of  film  time  to  be  directed  at  the  explosion,  shock  wave, 
and  cloud  rise  (fig.  4);  longer  explosion  tracking  times  are  easily 
possible  with  this  equipment  mounting  and  flight  technique. 

The  high  speed  aerial  photographs  of  the  explosion  show 
that  the  major  luminous  jets  and  the  minor  fireball  extensions 
developed  early  in  the  expanding  fireball  and  continued  to  move 
outward  until  the  fireball  stopped  horizontal  expansion.  The  dust 
jets  also  developed  early  in  the  explosion  and  moved  outward 
behind  the  expanding  air  shock  wave.  The  outward  movement  of 
these  two  types  of  jets  was  completed  between  300  and  400 
milliseconds  after  detonation. 

The  oblique  (figs.  5a,  5b,  5c)  and  stereo  (figs.  6a,  6b,  6c,  6d) 
low-altitude  photography  were  both  completed  successfully.  A 
high- resolution  T-12  aerial  stereo  camera  was  used  for  black 
and  white  and  color  photography  at  several  different  altitudes  that 
ranged  from  2500  feet  down  to  150  feet.  The  aerial  photography 
was  taken  periodically  during  each  day  through  a  range  of  sun 
angles  from  one  hour  after  shot  time  to  three  days  later  U)  insure 
adequate  definition  of  tlie  ejecta  and  to  observe  crater 
modifications.  Resolution  is  extremely  gotxl,  allowing  particles 
as  small  as  one  inch  across  to  be  identified  in  the  low -altitude 
flights  (fig.  6c,  6d). 
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PACK  crater  about  30  minutes  after  detonation.  (V/ater  beginning  to  flow 
from  fractures  In  central  uplift.  Dark  patches  on  crater  rim  are  wet  clay 
blocks  from  deepest  alluvium  cratered.  Note  Apollo  astronauts  in  crater.) 
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Figure  5b,c  Aerial  oblique  photograph  by  U.S.  Geological  Survey  of  DIAL 

PACK  crater  two  days  after  detonation.  (Central  uplift  and  radial 
ridges  on  crater  floor  are  surrounded  by  lake  that  formed  from 
water  flow  from  fractures  in  crater  floor.  White  patches  on  crater 
walls  are  deformed  alluvium  exposed  by  slump  of  fallback.  Blocky 
unit  surrounding  crater  Is  mainly  deeper  clay  beds  that  broke  up 
during  overturning  of  flap.  Very  bright,  long,  irregular  patches 
in  outer  rim  are  water  and  deposits  of  alluvium  brought  to  surface 
by  water  along  fracture.  Excavations  were  completed  in  outer  rim 
to  recover  buried  equipment.) 
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J.S.  Geological  Survey  aerial  stereophotograph  of  DIAL 

ACK  crater  2  days  after  detonation.  (Representative  high- 
esolution  photograph  (flight  altitude  150  feet)  of  car  and 

ree  blast  debris  west  of  crater.  White  trailer  and  near-by 
edan  were  not  present  at  detonation  time.  White  concrete 

.....*,3 

rosses  are  250  feet  apart.) 
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Pre-  and  post-shot  aerial  mosaics  have  been  completed  at 
different  scales  using  the  aerial  photography  and  a  detailed 
topographic  map  (fig.  7)  has  been  made  by  the  Geological  Survey, 
Flagstaff,  Arizona,  for  the  Waterways  Experiment  Station 
(LN301).  The  topographic  map  was  completed  at  a  scale  of 
1:500  with  a  contour  interval  of  one  foot  and  is  being  used  by 
LN301  for  crater  volume  and  ejecta  studies  and  by  LN303  as  the 
base  for  the  geologic  and  structural  maps. 

Over  fifteen  hundred  35  mm  and  4x5  documentary 
photographs  were  completed  of  the  crater,  its  ejecta,  and  the 
crater  excavations  and  are  available  in  the  U.  S.  Geological 
Survey  files  at  Flagstaff,  Arizona.  These  photographs  are  being 
used  in  preparing  the  geologic  map  and  describing  the  details  of 
the  ground  deformation  exposed  during  different  stages  of  the 
excavations. 


Crater  Morphology  and  Structure 

Detonation  of  the  Dial  Pack  sphere  formed  a  broad,  flat 
crater  with  a  central  uplift,  radial  and  concentric  ridges  in  the 
crater  floor  formed  by  uplifted  folds,  an  inward -dipping  faulted 
and  folded  rim,  a  large  overturned  flap  overlying  the  rim,  and 
surrounding  discontinuous  ejecta  overlying  a  scorched  prairie 
surface  (figs.  8a,  8b,  8c,  8d,  8e).  Geologic  studies  have  shown 
that  the  crater  is  very  similar  in  morphology  and  structure  to  the 
Prairie  Flat  crater  (Roddy,  1969, 1970a)  and  to  many  large 
terrestrial  and  lunar  craters  which  have  been  attributed  to  the 
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Figure  8a  Central  uplift,  radial  ridges,  and  lake  in  DIAL  PACK  crater  1  day 
after  detonation.  (Central  uplift  is  about  50  feet  across  and  aver¬ 
ages  5.5  feet  in  height  above  crater  floor.  White  zc  js  on  crater 
wall  are  deformed  alluvium  exposed  by  slump  of  fai;oaclc.) 


Figure  8b  Concentric  ridge,  about  1  meter  high,  formed  by  ring  anticline  at 
base  of  DIAL  PACK  crater  wall.  (Cubic  blocks  are  from  breakup 
of  clay  beds  that  originally  lay  between  15  and  24  feet  below  the 
ground  surface.) 
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Figure  8c  Cubic  blocks  on  the  southwest  rim  of  the  DIAL  PACK  crater  ore  formed  by 
the  breakup  of  clay  beds  that  originally  lay  between  15  and  24  feet  below 
the  ground  surface.  (Blocks  form  the  highest  unit  of  the  overturned  flap. 
Deformed  alluvium  is  exposed  by  slump  of  fallback  on  crater  wall  on  left 
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Figure  8<1  Close-up  view  of  cubic  blocks  of  cloy  that  formed  by 
breakup  of  clay  beds  that  originally  lay  between  15 
and  24  feet  below  the  ground  surface. 


Figure  8e  Linear  fracture  near  edge  of  overturned  flap  on  west 
outer  rim  of  DIAL  PACK  crater.  (Light-colored 
material  is  fine-grained  alluvium  deposited  by  water/ 
alluvial  flow  from  fracture  immediately  after  detonation.) 
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impact  of  comets  (Roddy,  1968, 1969, 1970b).  A  generalized  geologic 
map  showing  the  distribution  of  major  topographic  features,  the 
overturned  flap  and  ejecta  is  shown  in  figure  9.  Detailed 
geologic  structure  cross  sections  are  shown  in  figures  10a,  10b, 
and  general  apparent  crater  dimensions  are  given  as  averaged 
values  in  the  following  table: 

Dial  Pack  Crater  Prairie  Flat  Crater 

Diameter  (rim  to  rim)  280  ft.  (85.5  m)  270  ft.  (82.5  m) 

Diameter  (ground  level)  200  ft.  (61  m)  210  ft.  (64  m) 

Depth  (rim)  16  ft.  (4.9  m)  15  ft.  (4.6  m) 

Depth  (ground  level)  12  ft.  (3.7  m)  12  ft.  (3.7  m) 

Structural  deformation  in  the  central  part  of  the  crater 
consists  of  a  low  dome  covered  by  large  clay  blocks  of  fallback 
(fig.  8a),  The  dome,  about  50  feet  across  and  averaging  5.  5  feet 
in  height,  was  formed  by  interbedded  sand,  silt  and  clay  units 
uplifted  12  to  15  feet.  Radial  ridges  and  troughs  extend  out  from 
the  flanks  of  the  central  uplift  and  are  formed  by  anticlinal  (up) 
and  synclinal  (down)  folds.  An  inner,  discontinuous,  concentric 
ring  anticline  locally  forms  a  ridge  beyond  the  radial  ridges. 
Immediately  beyond  this  inner  ring  lies  a  continuous  ring  anticline 
which  forms  a  very  prominent  ridge  at  the  base  of  tlie  crater 
walls  (fig.  8b  ).  Excavations  show  both  these  rings  are  formed 
by  anticlinal  folding  and  uplift  of  a  blue  clay  that  originally  lay  at 
a  depth  of  24  to  26  feet  below  the  ground  surface  (fig.  10a,  lOb). 
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The  result  of  the  cratering  processes  was  to  crater  to  a 
depth  of  about  20  to  22  feet  and  complexly  fold  and  raise  lower 
units  10  to  15  feet.  The  entire  crater  floor  is  underlain  by  units 
that  have  moved,  during  the  last  stages  of  cratering,  inward  and 
upward;  outward  movement  occurred  locally  on  the  anticlinal  crests. 
Consequently,  the  topography  observed  on  the  crater  floor  is  a 
prominent  reflection  of  buried  folds  and  uplift  and  is  not  merely 
a  fallback  pattern. 

A  thin  veneer  .  \>hite,  fractured  sandstone  and  sand  is 
present  on  the  fiar  of  the  central  dome  and  was  locally  also 
present  at  Prairie  Flat.  Previous  studies  (Roddy,  1970  a). 
considered  a  deep  origin  for  this  sand,  but  more  recent 
excavations  and  field  work  by  the  writer  at  Prairie  Flat  and  in 
this  study  show  the  sands  are  derived  from  a  thin,  lenticular 
sand  that  was  initially  about  20  feet  below  the  ground  surface. 

Deformation  in  the  rim  consists  of  inward  dipping  strata 
overlain  by  a  large,  coherent  overturned  flap  (fig.  10a,  10b). 

The  inward  dip,  or  downfold,  is  apparently  caused  by  the  massive 
inward  movement  of  lower  units  towards  the  crater  and  the 
overturning  of  the  flap.  Many  minor  radial  and  concentric  folds 
and  faults  are  locally  present  in  the  rim  strata.  The  ground 
surface  near  the  crater  wall  exhibits  small  thrust  faults  with  the 
upper  blocks  moved  outward  as  at  Prairie  Flat.  Geologic  studies 
show  that  the  region  of  plastic  (folding)  and  brittle  (faulting, 
fracturing)  deformation  in  the  upper  rim  extends  out  to  about 
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200  feet  from  GZ,  and  that  the  overturned  flap  extends  out  to 
300  to  350  feet  from  GZ.  Individual  stratigraphic  units  in  the 
overturned  flap  are  generally  thinned  and  preserved  in  inverted 
order  near  the  rim.  Beyond  about  300  feet  from  GZ  local  mixing 
of  units  is  more  common.  Mass  distribution  is  more  symmetric 
at  this  crater  than  at  Prairie  Flat  and  the  hummocky  terrain  in 
the  overturned  flap  is  less  pronounced.  Near  the  rim  the 
overturned  flap  is  as  thick  as  8  feet. 

The  final  units  to  be  involved  in  the  overturned  flap  are 
several  interbedded  sandy  silt  and  clay  beds  that  originally  lay 
between  IS  and  25  feet.  The  clay  beds  broke  into  a  series  of 
large  blocks  that  covered  the  crater  walls  and  inner  rim  (fig.  8c). 

They  are  particularly  pronounced  in  that  the  deeper  clay  beds 
were  wet  and  appear  as  dark  patches  on  the  rim  and  walls  (figs.  5a, 

5b;  8ft  ). 

In  terms  of  geologic  mapping,  the  surface  of  the  overturned 
flap  can  be  divided  into  four  units  (fig.  9).  The  innermost  and 
topographically  highest  unit  consists  mainly  of  coarse  blocky  clay 
with  numerous  wet  patches  of  blocky  clay  that  came  from  the 
deepest  beds  cratered.  The  next  unit  out  has  blocky  clay  but  no 
wet  patches,  and  it  has  a  larger  percentage  of  finer  fragments  of 
alluvium.  The  next  unit  out  contains  mostly  finer  fragments  of 
alluvium  and  has  a  hummocky  surface.  The  outermost  and 
topogiaphically  lowest  unit  consists  of  fragments  of  the  original 
upper  2  to  4  feet  of  soil.  Each  of  these  units  represent  continuous 
layers  that  form  the  inverted  strata  of  the  overturned  flap  (fig.  10a,  10b). 
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A  high-angle  ejecta  and  fallout  blanket  up  to  a  few  inches 
thick  overlies  the  overturned  flap  and  extends  out  to  450  to  550 
feet  from  GZ  as  a  thin  discontinuous  ccver.  Beyond  tWs  distance 
the  ejecta  consists  of  scattered  carbon-coated  and  uncoated  silty 
clay  fragments;  many  fragments  are  shock- com  pressed. 

Ray  deposits  identical  to  those  at  Prairie  Flat  were 
deposited  on  the  ground  in  the  outer  ejecta  blanket  and  appear  to 
be  related  to  the  turbulent  clouds  of  the  dust  jets.  Photographs 
and  field  observations  show  that  the  part  of  the  dust  jets  that 
extended  outside  the  fireball  deposited  non-carbon  coated  soil 
fragments  from  these  clouds.  The  fragments  in  the  rays, 
however,  are  carbon  coated,  indicating  that  they  either  originated 
within  the  fireball  or  were  engulfed  by  it.  The  dust  jets  and  the 
carbon-coated  rays  were  generated  as  part  of  the  same  region  of 
outward,  turbulent  movement  and  this  turbulent  region  extended 
back  into  the  fireball.  The  curved  patterns  in  the  ray  deposits  on 
the  ground  are  related  to  very  late-stage  turbulent  motions  at  the 
time  of  particle  deposition. 

Within  thirty  minutes  after  detonation  a  water/alluvium 
mixture  flowed  rapidly  from  fractures  in  the  central  uplift  and 
surrounding  crater  floor.  The  lower  parts  of  the  crater  floor 
were  finally  covered  by  2  to  4  feet  of  sand/clay  deposited  by  the 
water  and  a  temporary  lake  was  formed  (figs.  5a,  5b;  8a).  Several 
fractures  opened  in  the  outer  rim  at  about  300  feet  from  GZ  and 
had  an  extensive  flow  of  water /alluvium  mixture  carried  up  from 
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depths  of  at  least  25  feet.  Other  natural  changes  which  occurred 
included  compaction  of  the  ejecta  and  foldback  by  rain,  subsidence 
during  water  flow  from  fractures,  and  surface  erosion  by  rain  and 
wind. 

Fused  Alluvium 

Fused  soil  fragments  identical  to  those  formed  at  Prairie 
Flat  were  formed  during  the  shock  compression  and  heating  of  the 
silty  clay  below  the  charge  (fig.  11a).  The  thermal  effects  range 
from  slight  baking  of  the  outer  surface  of  soil  fragments  to 
complete  melting,  accompanied  uy  extreme  vesiculation.  The 
more  intensely  heated  frf.gments  develop  hollow  bubbles  up  to  0. 5 
inches  across,  many  of  which  separated  from  the  parent  rock 
fragments.  The  fused  material  fell  on  top  of  the  ejecta  and 
fallback,  and  was  the  last  material  to  be  deposited. 

Chemical  analyses  and  disequilibrium  thermal  experiments 
were  conducted  on  the  fused  material  from  both  this  experiment 
and  similar  fused  material  from  Prairie  Flat  (Roddy,  1970a). 
X-ray  fluorescence  analysis  of  the  Dial  Pack  fused  material  and 
of  the  local  silty  clay  below  GZ  establishes  the  silty  clay  as  the 
parent  material.  Disequilibrium  thermal  fusion  experiments  and 
petrographic  studies  of  the  glasses  in  the  fused  material  indicate 
that  fusion  occurred  at  temperatures  in  excess  of  1, 100®  G.  and 
probably  on  the  order  of  at  least  1, 500°  C.  The  same 
temperatures  were  determined  from  similar  experiments  on  the 
Prairie  Fiat  material. 
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The  fused  material  from  these  experiments  has  many 
morphological,  shock  and  thermal  metamorphic  similarities  with 
the  fused  lunar  material  returned  in  the  Apollo  11  and  12  samples 
(fig.  lib). 


B)  Lunar  Applications 
Astronaut  Training 

Thirteen  astronauts  participated  as  part  of  the  U,  S. 

Geological  Survey  project  in  the  Dial  Pack  experiment  (figs.  12a, 
12b).  They  included:  G.  P.  Carr,  C.  M.  Duke,  Jr. ,  R,  F, 

Gordon,  Jr. ,  J.  B.  Irwin,  W.  R.  Pogue,  D.  R.  Scott,  A.  M. 
Worden,  J.  W.  Young,  J.  P.  Allen,  V.  D.  Brand,  A.  W.  England, 

F.  W.  Haise,  Jr. ,  and  H.  H.  Schmitt.  The  writer  and  Dr.  G.  H.  S. 
Jones  (Defence  Research  Board,  Canada)  gave  a  pre-shot  technical 
briefing  to  the  astronauts  and  conducted  the  field  examinations  of 
the  crater. 

The  field  observations  by  the  astronauts  immediately  after 
the  explosion  provided  them  an  unusually  good  opportunity  to 
observe  the  entire  formational  history  of  a  large  "fresh  crater" 
that  has  many  of  the  surface  characteristics  of  the  lunar  craters 
at  the  Apollo  landing  sites.  They  were  taken  to  the  crater  within 
five  minutes  after  detonation  and  were  able  to  construct  a 
relatively  complete  sequence  of  cratering  events  from  direct 
field  observations.  Numerous  lunar  analogs  such  as  the  blocky 
overturned  flap,  central  uplift,  fused  material,  concentric  ridges 
and  fractures,  and  raised  rim  were  correctly  described  and 
placed  in  their  proper  cratering  sequence  of  formation. 
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Lunar  sampling  and  surface  exploration  techniques  were 
discussed  in  terms  of  the  known  stratigraphy  for  the  Dial  Pack 
crater.  The  blocky  overturned  flap  and  knowledge  of  the  original 
stratigraphic  positions  of  the  various  units  were  particularly 
useful  in  demonstrating  a  crater  as  a  "drill  hole"  for  lunar 
collecting  techniques. 

The  success  of  this  field  trip  by  such  an  unusually  large 
number  of  astronauts  was  made  possible  by  the  excellent 
cooperation  and  assistance  from  the  U.  S.  Defense  Atomic  Support 
Agency  and  the  Canadian  Defence  Research  Establishment  Suffield. 

Comparisons  with  Terrestrial  and  Lunar  Impact  Craters 

Geologic  studies  of  the  100-  and  500-ton  explosion  craters 

produced  at  the  Defence  Research  Establishment  Suffield  show 

remarkable  similarities  to  many  large,  natural  lunar  and 

terrestrial  craters  for  which  an  impact  origin  has  been  proposed 
,  1970b 

(Roddy,  1968,  196^;  Wilshire  and  Howard,  1969).  Similarities 
with  terrestrial  structures  include  in  part  or  in  total;  (1)  central 
uplifts,  (2)  thin  breccia  lenses  below  the  crater  floor,  (3) 
concentric  ridges  on  the  crater  floor,  (4)  uplifted  floor, 

(5)  concentric  rim  fractures,  faults  and  folds  occurring  at 
similar  scaled  distances,  (6)  overturned  flaps  with  inverted 
stratigraphy,  (7)  ejecta  blankets  and  ray  systems,  and  (8)  fused 
target  material.  Ratios  of  diameter /shear  strength, 
diameter /distances  to  concentric  fracture  zones,  and 
diameter /depths  to  deepest  horizons  exposed  in  the  central 
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uplifts,  are  nearly  identical,  for  example,  for  the  Flynn  Creek 

crater  (figs.  13a,  13b)  (3.  6  km  in  diameter)  in  Tennessee  and  the 

Snowball  (figs.  14a,  14b)  and  Prairie  Flat  craters  (fig.  15a,  15b) 

, 1970b 

(Roddy,  1968,  1969).  Jones  and  Diehl  (1965)  have  also  indicated 
structural  similarities  between  the  Snowball  crater  and  the 
Ashanti  Crater  (Ghana,  Africa,  11  km  in  diameter)(fig.  16). 

Similarities  between  the  explosion  craters  and  lunar  craters 
include:  (1)  bowl-shapes  (100-ton  and  smaller  explosions) 

(fig.  17a,  17b),  (2)  raised  rims  and  hummocky,  blocky  overturned 
flaps  (fig.  17a,  17b),  (3)  flat-floored  with  central  uplifts  (50()-ton 
explosions)  (fig.  5a,  5b,  14a,  15a,  18,  19),  (4)  terraced  crater 
walls  (fig.  14a,  18,  19),  (5)  concentric  ridges  on  crater  floor 
(fig.  5a,  5b,  15b,  20),  (6)  extensive  ray  and  secondary  impact 
systems  (fig.  17a,  18).  Other  similarities  include  the  shock  and 
thermally  metamorphosed  target  material. 

C)  Discussion 

The  Dial  Pack  crater  is  remarkably  similar  to  the  Prairie 
Flat  (500-ton  surface  sphere)  crater  formed  by  a  500- ton  surface 
sphere.  Topographic  and  structural  analogs  include:  same  size, 
central  uplift,  amount  of  uplift,  radial  and  concentric  ridges  and 
their  positions,  uplift  of  crater  floor,  thin  breccia  lens  on  floor, 
concentric  fractures,  faults  and  folds  in  the  rim,  overturned 
flap  with  inverted  stratigraphy,  ejecta  and  secondary  craters, 
and  fused  alluvium.  The  Dial  Pack  crater  differs  from  Prairie 
Flat  only  in  having  a  more  symmetric  distribution  of  the 
overturned  flap  and  ejecta. 
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Figure  13a  Model  of  the  Flynn  Creek  crater,  constructed  from  the  structure 
contour  map,  showing  the  crater  shortly  before  deposition  of  the 
Chattanooga  shale  in  early  late  Devonian  time.  (The  large  hills 
near  the  outer  parts  of  the  crater  are  underlain  by  megabreccia 
blocks  derived  from  the  crater  walls.  The  dotted  line  indicates 
the  position  of  the  top  of  the  crater  wall  in  areas  where  large 
volumes  of  ejecta  have  been  washed  back  into  the  crater,  modify¬ 
ing  the  original  crater  shape.  No  vertical  exaggeration.  Lighting 
is  from  south.) 
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Figure  14a  Aerial  oblique  view  of  the  Snowball,  500-ton  TNT  surface  hemi¬ 
sphere  crater  1  day  after  formation,  showing  the  central  uplift, 
structural  terraces  on  the  crater  walls,  depressed  inner  rim  over- 
lain  by  blocky  overturned  flap,  hummocky  terrain  in  outer  part  of 
overturned  flap  and  concentric  fractures  in  the  rim.  (Photograph 
courtesy  of  Dr.  G.H.S.  Jones,  Defence  Research  Establishment 
Suffield,  Alberta,  Canada.) 


Figure  14b  Structural  cross  section  of  the  Snowball  crater  showing  central 
uplift  caused  by  clay  beds  raised  on  the  order  of  25  feet  and  an 
inward  dipping,  faulted  and  folded  rim  overlain  by  an  overturned 
flap  (of).  (Crater  floor  overlain  by  fallback  (f)  1  to  4  feet  thick, 
composed  of  shock  compressed  alluvium. 
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Figure  15a  Aerial  oblique  view  of  t'he  PRAIRIE  FLAT  SOO-ton  TNT  surface 

sphere  crater,  onu-half  hour  after  formation,  showing  water  flow 
from  central  uplift,  radial  and  concentric  ridges  on  crater  floor 
and  on  inner  rim,  depressed  inner  rim  overlain  by  blocky  over¬ 
turned  flap,  hummocky  terrain  in  outer  part  of  overturned  flap  and 
outer  ray  pattern.  (Crater  is  approximately  215  feet  across  at  the 
locations  where  people  can  be  seen  standing  at  the  top  of  the 


crater  walls.) 
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Figure  15b  Structure  cross  section  of  the  PRAIRIE  FLAT  crater  showing  initial 
uplift  caused  by  clay  beds  raised  on  the  order  of  15  feet  and  an 
inward  dipping,  faulted  and  folded  rim  overlain  by  a  blocky  over¬ 
turned  flap  (of).  (Concentric  ridges  and  troughs  on  crater  floor  are 
formed  by  clay  beds  uplifted  and  folded  into  concentric  anticlines 
and  synclines.) 
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Figure  16  Lake  Bosomtwe  (Ashanti  Crater,  Ghana,  Africa)  and  drainage  system 
with  superimposed  concentric  and  radio)  rim  fractures  scaled  from  the 
Snowball  crater.  (Note  that  Snowball  concentric  fractures  have  good 
scaled  distances  to  either  natural  drainage  divides  (concentric  ridges) 
or  drainage  channels;  both  drainage  divides  and  channels  mark  major 
natural  structural  elements  at  Bosomtwe  (Jones  and  Diehl,  1965),) 
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Figure  17a  Aerial  oblique  view  of  the  AN/FO  100-ton  hemisphere  crater 
showing  bowl-shaped  depression,  terraced  walls,  block/  over¬ 
turned  flap,  and  ray  pattern. 


Figure  17b.  Vertical  view  of  a  200-meter-diameter  lunar  crater  showing  bowl¬ 
shaped  depression,  terraced  walls,  block/  flap,  and  ray  pattern. 
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Figure  16  Lake  Bosomtwe  (Ashanti  Crater,  Ghana,  Africa)  and  drainage  system 
with  superimposed  concentric  and  radial  rim  fractures  scaled  from  the 
Snowball  crater.  (Note  that  Snowball  concentric  fractures  have  good 
scaled  distances  to  either  natural  drainage  divides  (concentric  ridges) 
or  drainage  channels;  both  drainage  divides  and  channels  mark  major 
natural  structural  elements  at  Bosomtwe  (Jones  and  Diehl,  1965).) 
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Figure  17a  Aerial  oblique  view  of  the  AN/FO  100-ton  hemisphere  crater 
showing  bowl-shaped  depression,  terraced  walls,  block/  over¬ 
turned  flap,  and  ray  pattern. 


Figure  17b. 


Vertical  view  of  a  200-meter-diameter  lunar  crater  showing  bowl¬ 
shaped  depression,  terraced  walls,  block/  flap,  and  ray  pattern. 
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Figure  18a  Copernicus,  a  large  recent  lunar  crater  55  miles  (95  km)  in  diameter, 
with  central  mountains,  flat  crater  floor,  terraced  walls,  hummocky 
flap,  ray  pattern  and  secondary  impact  crater  fields.  (Compare  with 
Figures  5,  13,  14,  and  15.  Photograph  from  Lunar  Orbi ter  series.) 
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Figure  18b,  c  Medium-resolution  (18b)  and  high-resolution  (18c)  Orbiter  photo¬ 
graphs  of  the  central  mountains  and  terraced  walls  of  the  fresh  lunar 
crater  Copernicus.  (Central  mountains  with  dipping  bands  rise  about 
1300  feet  (400  m)  above  crater  floor.  Far,  terraced  crater  walls  rise 
about  12,500  feet  (3800  m)  above  crater  floor.  Hummocky  flap  in 
foreground  with  crater  Fauth  in  bottom  of  18b  (see  18a  for  location 
of  Fauth) .) 
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Figure  19  Tycho,  a  large  young,  fresh  lunar  crater  50  miles  (86  km)  in  diameter 
and  14,500  feet  (4500  m)  deep,  with  large,  central  mountains,  rough 
crater  floor,  terraced  walls  and  hummocky  flap  overlying  original,  rough 
cratered  surface.  (Secondary,  probable  impact-produced  volcanic 
fractures  and  mounds  on  crater  floor.) 
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Figure  20  Mare  Orientale,  the  largest,  youngest  lunar  basin,  with  well  defined  con¬ 
centric  ridges  (from  Orbiter  IV,  moderate-resolution  camera,  framelet 
width  about  90  km).  (The  innermost  concentric  ridge  is  about  210  miles 
(360  km)  across.  Successively  larger  concentric  ridges  have  diameters  of 
280  miles  (480  km),  350  miles  (610  km),  540  miles  (930  km),  and  840  miles 
(1460  km)  (McCauley,  1968).  An  enormous  flap  or  ejecta  blanket  with  a 
radial  hummocky  pattern  can  be  seen  beyond  the  fourth  ring.  Compare  the 
concentric  ring  structure  and  hummocky  terrain  with  the  PRAIRIE  FLAT  and 
DIAL  PACK  craters  (Figures  5  and  15).) 
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Comparisons  of  the  airblast  photography  show  similar 
luminous  and  dust  jets  for  both  events,  except  that  luminous  jets 
and  fireball  extensions  are  leas  pronounced  on  Dial  Pack.  This 
is  consistent  with  the  symmetry  exhibited  in  the  mass  distribution 
of  overturned  flap.  The  stereo  photography  has  superior  resolution 
compared  with  previous  events  because  of  special  low- altitude 
camera  and  film  pT-oc^ssing  techniques.  This  has  allowed  extremely 
precise  ejecta  definition  and  location  of  fragments  as  small  as  jne 
inch  across.  'The  hi^  quality  of  the  stereo  photography  also  made 
it  possible  to  produce  a  very  accurate  topographic  map  with  a  one- 
foot  contour  interval.  This  has  provided  a  reliable  base  for  a 
detailed  geologic  map  and  a  material  type  and  mass  distribution 
interpretation  of  the  various  units  in  the  overturned  fl^. 

The  Dial  Pack  crater  also  has  had  lunar  applications  in 
Apollo  astronaut  training  and  in  the  formation  of  fused  and  shock 
metamorphosed  material  similar  in  certain  ways  to  fused  lunar 
material  returned  in  Apollo  11  and  12  samples.  The  topographic 
and  structural  similarities  of  Dial  Pack  and  earlier  surface -ex¬ 
plosion  craters  with  terrestrial  and  lunar  craters  has  been  of  major 
importance  in  identifying  impact-formed  craters  and  in  under¬ 
standing  impact  cratering  processes. 

The  sequence  of  cratering  events  determined  from  the 
Prairie  Flat  and  previous  high  explosion  surface  experiments  and 
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comparisons  of  calculations  on  hypervelocity  and  high  explosion 
shock  wave  processes  is  interpreted  to  be  analogous  to  the  effects 
following  the  shock  vaporization  of  an  impacting  comet  which 
e;q)eriences  little  or  no  penetration,  and  produces  a 
surface-developed,  very J^igh- energy  shock  wave  (Roddy,  1968, 
1970b).  The  numerous  structural  similarities  between  these 
TOT-formed  craters  and  certain  very  large  terrestrial  craters 
up  to  tens  of  kilometers  across  siggest  that  this  analogy  can  be 
extended  to  include  the  largest  of  the  natural  sites.  For  example, 
an  unusually  good  morphological  comparison  can  be  made 
between  the  ringed  lunar  structure,  Mare  Orientale  (over  1, 000  km 
across)  and  the  Prairie  Flat  and  Dial  Pack  craters.  Continued 
detailed  geologic  and  theoretical  studies  of  the  large  natural  impact 
sites  should  extend  our  understanding  of  large  impact  and  experimen 
tal  surface  cratering  processes  at  energy  levels  which  are  beyond 
those  now  acceptable  in  surface  testing. 
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PROJECT  LN312 

SILO  CONFIGURATION  AND  EVALUATION  TEST 

IMIROOUCTION 

Objectives 

The  primary  objective  of  this  project  was  to  obtain  information 
on  the  response  of  a  full-sized  Idealized  silo  sited  in  a  layered  soil 
media  to-  high  alrblast  overpressures  and  large  direct  induced  ground 
motions.  Specific  objectives  were: 

a.  To  determine  the  body  motions  and  the  structural  response 
of  the  silo  including  the  character  of  the  stress  wave  propagation 
down  the  launch  tube. 

b.  To  obtain  data  that  will  serve  as  reference  checks  in 
extending  media- structure  response  codes  to  Include  non-linear  and 
large  deformation  effects. 

c.  To  obtain  en^erlcal  data  that  can  be  used  in  future 
design  efforts. 

Background 

The  military  requirements  for  this  experiment  are  many.  It  will 
directly  benefit  existing^  and  future  Air  Force  weapon  systems  as  well 
as  those  of  the  other  services. 
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The  test  provided  fundamental  technology  data  In  a  previously 
untested  section  and  provided  survivability  Information  In  terms  of 
emperlcal  response  data  from  direct  Induced  motions.  This  Includes 
the  response  of  an  Idealised  structure  that  Is  directly  applicable  for 
code  verification. 

In  the  early  1960 's  when  the  hardened  structure  design  community 
became  Involved  with  designs  for  advanced  missile  systems  having  greatly 
Increased  survivability,  concepts  of  utilizing  composite  structures 
In  rock  sites  became  more  and  more  attractive.  The  first  serious  work 
In  this  direction  was  accomplished  In  project  Pile  Driver  where  sections 
CR7  and  BLIO  represented  composite  designs  Intended  to  mobilize  the 
confined  strength  and  ductility  of  concrete  encased  In  a  steel  liner. 
Based  on  these  results  and  other  empirical  data,  preliminary  designs 
for  subsequent  systems  began  to  emphasize  to  a  greater  degree  the 
application  of  composite  sections  based  in  a  rock  media. 

Two  milestone  studies  of  the  1966-67  time  period  Included  rigorous 
trade  off  analyses  to  quantify  the  benefits  of  composite  sections  and 
rock  siting  in  comparison  with  reinforced  concrete  and  solid  steel 
walls  sited  in  a  variety  of  media  ranging  from  soft  soils  to  very  hard 
rock.  The  results  of  these  studies  were  reflected  in  the  prototype 
designs  of  the  launch  control  and  launch  facility  structures  proposed 
for  the  WS  120A  Advanced  Missile  System.  This  system  and  its  design 
concepts  were  transposed  into  the  Hard  Rock  Silo  Program. 
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In  1969  the  Alternatives  for  Strategic  Missile  Force  Improvements 
was  conducted  for  the  Air  Force.  One  system  Included  in  this  program 
was  the  Nemesis  ICBM  system  which  utilized  a  very  small,  highly 
proliferated  missile  system  as  an  advanced  facet  of  the  U.  S,  strategic 
forces.  Systems  analysis  Indicated  a  possibility  that  portions  of  this 
missile  system  would  have  to  be  sited  In  a  soil  area  due  to  the  large 
area  requirements  of  the  missile  system  and  the  stringent  criteria 
associated  with  the  siting  processes.  Accordingly,  the  designs  were 
analyzed  as  reinforced  concrete  structures  to  affirm  the  suitability 
of  soil  sited  composite  structure  launch  facilities. 

A  sandwich  type  structure  with  a  section  of  concrete  placed 
between  two  pieces  of  steel  plate  Is  an  economical  and  efficient 
technique  for  achieving  high  strength  reinforced  concrete  designs. 

In  the  case  of  the  DIAL  PACK  test  article  the  one-half  Inch  steel 
Inner  liner  represents  the  equivalent  of  4  percent  steel  in  the  form  of 
reinforcing  bar  acting  in  both  directions.  In  addition,  there  Is  the 
advantage  that  the  rebar  In  both  directions  Is  coupled  and  offers 
100  percent  of  the  steel  strength  in  all  directions  in  the  plane  of 
the  plate.  The  quarter  inch  outer  steel  linear  (equivalent  to  tensile 
rebars)  represents  2  percent  reinforcement  in  both  directions.  The 
same  advantage  that  accrued  to  the  inner  liner  accrued  to  the  outer 
liner.  From  a  construction  standpoint  the  liners  also  doubled  as  the 
construction  forms.  With  the  elimination  of  shear  steel  and  rein¬ 
forcing  bars  in  the  design,  emplacement  processes  are  greatly  simplified 
while  quality  assurance  of  the  structure  is  enhanced. 
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The  Air  Force  has  further  expended  considerable  effort  in  acquiring 

response  and  survivability  information  on  full-size  and  large-scale 

12  3 

launch  facilities  in  HESX  tests  *  and  in  Operation  PRAIRIE  FLAT. 

« 

Tests  on  small  models  for  correlation  with  the  field  results  have 
been  performed  at  the  U.  S.  Army  Engineer  Waterways  Experiment  Station. 
The  experiment  outlined  in  this  report  will  extend  present  knowledge 
to  the  realm  of  higher  overpressures  and  more  extreme  ground  motions. 

In  summary,  the  DIAL  PACK  silo  structural  design  represents  a 
logical  extension  of  the  technology  development  program  initiated 
and  vigorously  pursued  by  the  Air  Force  over  the  past  ten  years. 

The  structural  concept  has  demonstrated  its  performance,  efficiency, 
economies,  and  other  major  advantages  that  could  also  accrue  to  a  large 
missile  system. 

The  data  gained  from  this  experiment  will  be  directly  applicable  to 
potential  modifications  to  the  Minuteman  force.  It  should  correlate 
with  and  extend  knowledge  gained  in  previous  tests  to  a  high  pressure 
region  that  contains  a  significant  direct  induced  ground  motion  pulse. 
Further,  it  can  be  used  to  examine  the  response  of  a  composite  con¬ 
struction  technique  that  could  be  of  interest  if  new  launch  equipment 
rooms  should  become  desirable.  The  data  obtained  in  this  experiment 
may  also  be  applicable  to  other  future  systems  such  as  Advanced  Mobile 
Systems  (hardened  garages),  Auti-Ballistic  Missile  Defense  Systems 
(interceptor  silos)  and  other  highly  survivable  hardened  facilities. 
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Theory 

An  analysis  of  the  airblast  induced  silo  behavior  was  made  using 
a  finite  element  program  known  as  UIMDAX,  which  was  developed  under 

4 

the  direction  of  E.  L.  Wilson  of  the  University  of  California  at  Berkeley. 
The  program  solves  problems  of  plane  strain  and  axisynnetric  solids 
subjected  to  transient  loads.  Although  the  code  contains  options 
which  allow  for  non-linear,  non-elastic  material  properties,  and  large 
displacement,  only  the  linear  elastic  formulation  was  used  in  the 
analysis.  A  discussion  of  the  finite  element  idealization,  the  code 
results  and  a  comparison  with  the  measured  silo  response  is  presented 
in  a  later  section. 

PROCEDURE 
Test  Article 

The  test  structure  for  this  experiment  was  an  idealized  but  other¬ 
wise  full-size  Nemesis  missile,  silo  which  was  located  at  the  135 
foot  range  from  the  DIAL  PACK  ground  zero  (Figure  1) .  Predicted  peak 
overpressure  was  approxinaately  900  psi ,  but  the  intent  of  this  test 
was  to  get  a  mixture  of  high  overpressure  and  large  direct  induced  motions. 

Figure  2  shows  a  cross-section  of  the  silo.  It  was  43  feet  deep 
with  its  top  surface  at  ground  level.  The  top  10  foot  section  was 
11  ft-8  in.  outside  diameter.  Below  that  was  a  6  foot  conical  section 
which  tapered  to  a  7  ft-8in.  outside  diameter,  and  the  lower  27  foot 
section  was  7  ft-8  in.  outside  diameter.  The  structure  was  of  composite 
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construction  with  a  1/4  inch  thick  outer  steel  liner  and  a  1/2  inch 
thick  inner  steel  liner.  The  annular  space  between  these  liners  was 
filled  with  unreinforced  concrete  with  an  average  compressive  strength 
of  4,180  psi.  The  silo  closure  was  of  similar  construction  with  a  1/2 
inch  thick  steel  liner.  Construction  operations  are  described  in 
detail  in  the  Project  Officers'  Preliminary  Report.^ 
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InstruEoentatlon 

Gages  used  in  this  test  are  shown  in  Figure  3.  There  were  a  total 
of  31  gage/^us^';  thesd  •tncrlu^l'ed^  2  overpressure  gages,  7  velocity  gages 
located  within  the  structure,  6  velocity  gages  in  canisters  in  the  soil, 

9  strain  gages  and  4  slip  gages. 

These  last  gages  were  used  to  measure  the  relative  motion  or  slip 
at  the  soil- structure  interface.  Two  of  them  were  located  at  the  4-foot 
depth,  and  two  were  located  at  the  18-foot  depth  on  the  outside  of  the 
silo.  Each  gage  consists  of  a  Bournes  linear  motion  potentiometer,  which 
was  rigidly  attached  to  the  structure,  and  a  5  inch  diameter  steel  plate, 
which  was  attached  to  the  steel  shaft  of  the  potentiometer.  The  plate 
protruded  into  the  soil  and  moved  with  the  soil  while  the  base  moved 
with  the  structure.  This  was  the  first  time  such  measurements  have 
been  siade  on  a  large  scale  test  structure,  and  they  are  expected  to 
provide  useful  information  for  the  development  of  computer  codes  and 
design  analyses. 

RESULTS  AND  DISCUSSION 

All  magnetic  tape  recorders  ran,  and  all  channels  were  operating 
at  shot  time.  The  gages  appeared  to  have  functioned  satisfactorily 
and  all  channels  contained  useful  data.  An  electronic  disturbance 
at  about  z  +  0.6  seconds  and  a  brief  power  failure  at  about  z  +  5 
seconds  had  little  effect  on  .the  results.  This  section  contains 
a  discussion  of  the  post-shot  silo  condition  and  the  results  of  the 
data  analysis. 


158 

UNCLASSIFIED 


UNCLASSIFIED 


Survivability 

A  post-shot  examination  of  the  silo  showed  that  it  was  near  the 
lip  of  the  crater  and  was  covered  by  6  to  8  feet  of  ejecta.  When  the 
ejecta  was  removed,  no  evidence  of  concrete  cracking  or  separation 
from  the  steel  liners  could  be  seen.  The  interior  of  the  silo  showed 
no  evidence  of  damage  or  permanent  deflection. 

Survey  data  showed  that  the  structure  was  displaced  0.15  feet 
outward  from  Ground  Zero  and  1.5  feet  downward  from  its  pre-shot 
position.  The  top  of  the  structure  was  tilted  less  than  1/2  degree 
toward  Ground  Zero  with  respect  to  the  bottom.  Tangental  tilting 
of  the  structure  was  negligible. 

Overpressure 

Both  pressure  gages  showed  the  same  type  of  overpressure  record 
with  approximately  the  same  peak  overpressure.  Gage  PI  on  the  south 
side  of  the  silo  showed  a  peak  pressure  of  900  psi  and  Gage  P2  on  the 
north  side  showed  a  peak  pressure  of  800  psi.  The  overpressure  record 
for  gage  PI  is  shown  in  Figure  4. 

Silo  Velocity  and  Displacement 

The  initial  movement  was  almost  straight  downward  due  to  airblast 
but  was  followed  by  much  larger  and  longer  duration  direct  induced 
motions.  Airblast  induced  motions  predominati^d  foi'  less  than  100  msec 
but  the  direct-induced  motions  continued  for  more  than  2  s  . 
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Vertical  silo  velocities  for  the  first  100  msec  are  shown  in 
Figure  5.  Maximum  downward  velocity  occurred  at  about  25  msec  after 
detonation  zero,  and  was  between  20  and  35  ips  (inches  per  second). 

By  integrating  these  curves  the  maximum  airblast  induced  displacement 
was  determined  to  be  about  0.5  inches  downward. 

Longer  time  histories  of  the  silos  vertical  and  horizontal 
velocities  are  shown  in  Figures  6  and  7.  These  records  show  the 
large  upward  ..and  outward  movements  of  the  silo  during  direct  induced 
motions.  Data  from  all  gages  were  in  close  agreement  and  showed 
maximum  upward  and  outward  velocities  of  100  ips. 

Data  from  adjacent  horizontal  and  vertical  gages  were  integrated 
to  provide  a  record  of  the  absolute  cartesian  displacement  of  the 
structure.  Figure  8  shows  the  displacement  for  the  gages  at  the  4-foot 
depth.  On  this  figure,  time  reference  is  given  by  symbols  at  100  msec 
intervals.  The  maximum  displacement  was  hbout  40  inches  upward  and  50 
inches  outward.  The  gages  also  indicate  that  the  structure  returned 
to  near  its  original  position. 

Soil-Silo  Interaction 

The  free-field  soil  velocity  gages  aid  the  slip  gages  mounted  on 
the  silo  provided  data  on  effects  of  silo  motion  on  the  response  of  the 
structure.  This  section  presents  the  results  of  those  measurement. s . 

Free-field  velocity  gages  showed  motions  very  similar  t.o  the  ."i  lo 
motions  during  cratering  induced  motions.  The  early  time  respon.se  ol 
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the  vertical  gages  was  different  at  each  depth  of  soli.  Vertical 
velocity  gage  data  are  shown  In  Figure  9.  The  gage  at  the  4  foot 
depth  shows  an  Initial  downward  velocity  of  about  170  ips  before. the 
upward  motions  predominate.  The  gage  at  IS  feet  showed  a  downward 
velocity  of  about  50  Ips  before  the  cratering  Induced  velocities, 
which  were  of  much  lower  magnitude  than  for  the  shallower  gage,  pre¬ 
dominated.  At  22  feet,  however,  the  Initial  velocity  was  upward  at 
about  100  Ips,  and  later  time  response  Is  very  similar  to  the  velocities 
at  the  16  foot  depth.  It  is  believed  that  tne  Initial  upward  motion 
at  the  22  foot  depth  was  caused  by  the  direct  induced  wave  arriving 
before  the  airblast  wave  from  the  surface. 

Horizontal  free-field  velocity  gages  showed  motions  very  similar 
to  the  structure  motions  except  that  at  late  times  the  records  are 
suspect  because  of  gage  tilting  and  resultant  zero  shifts. 

The  slip  gages  provided  much  valuable  data  on  the  relative  motions 
at  the  soil-structure  interface.  Data  from  the  vertical  slip  gage  at 
the  4  foot  depth  is  shown  in  Figure  10.  The  sign  convention  is  that 
a  positive  value  indicates  the  silo  is  moving  down  with  respect  to 
the  soil.  Also  plotted  on  this  figure  is  the  relative  displacement 
calculated  by  integrating  the  free-field  and  structure  velocity  gage 
data  at  the  corresponding  depth  and  subtracting  the  results.  The  first 
250  msec  of  the  slip  data  appear  to  be  valid  and  to  agree  in  shape  with 
the  velocity  gage  data.  However,  beyond  that  time  the  shaft  of  the 
potentiometer  was  apparently  jammed  and  did  not  move  freely.  It  is  also 


165 

UNCLASSIFIED 


UNCLASSIFIED 


Figure  9  (U)  Vertical  soil  velocities  (U). 


Figure  10  (U)  Vertical  slip  at  4-foot  depth  (U). 
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possible  that  the  flat  parts  of  the  curve  indicate  times  when  there 
was  no  relative  motion  at  the  interface.  In  general  these  gages 
performed  satisfactorily  and  provided  much  useful  information 
on  the  soil-silo  interaction  phenomenum. 

Accelerations 

Data  from  one  of  the  vertical  accelerometers  located  in  the 
structure  are  shown  in  Figure  11.  The  plot  shows  the  structure  response 
during  the  first  110  msec  only,  but  no  significant  accelerations  were 
recorded  after  that  time.  Peak  vertical  accelerations  were  200  to  300  g's. 
These  accelerations  indicate  the  nature  and  magnitude  of  the  shock  wave 
propagation  in  the  walls  of  the  structure.  The  body  accelerations  of 
the  structure,  which  were  obtained  by  differentiating  the  velocity 
gage  data,  were  of  much  lower  frequency  and  amplitude.  The  peak  body 
accelerations  resulting  from  air  blast  were  22  g's  down  and  10  g's 
upward.  Direct-induced  motions  resulted  in  peak  accelerations  of 
approximately  0.5  g's  horizontally  and  vertically. 

Strains 

In  general,  the  strain  gage  data  provided  good  information  on 
the  arrival  times  and  indicated  that  the  structure  experienced  no 
strains  large  enough  to  indicate  yielding  of  the  inner  liner.  A  typical 
example  of  the  data  obtained  from  the  vertical  strain  gages  is  shown 
in  Figure  12.  The  normal  sequence  of  events  is  an  initial  compressive 
peak  followed  by  a  tension  peak  which  may  be  greater  than  the  initial 
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peak.  After  a  fev  oscillations,  the  structure  appears  to  vibrate 
freely  with  a  natural  period  of  about  12  msec.  All  of  the  vertical 
strain  gages  showed  this  same  trend  with  similar  magnitudes  for  the 
first  compression  peaks.  Few  gages  showed  significant  strain  after 
the  first  100  msec.  Of  those  that  showed  strain  at  late  times,  two 
vertical  gages  on  opposite  sides  of  the  silo  Indicated  that  some 
bending  moment  of  the  gross  silo  cross-section  may  have  occurred  at 
the  bottom  of  the  conical  section.  However,  these  bending  strains 
and  all  other  measured  strains  were  far  below  levels  which  would 
cause  distress  in  the  structure. 

Computev  Analysis 

One  of  the  objectives  of  this  test  was  to  acquire  data  which 
would  provide  checks  on  computer  code  calculations  of  dynamic  soil- 
structure  interaction.  This  section  contains  some  comparisons  of 
measured  data  with  results  of  calculations  using  a  linear  elastic  finite 
element  code.  This  analysis  is  limited  to  axisymmetric  airblast 
loading  effects,  but,  even  in  the  linear-elastic  formulation  presented 
here,  the  comparison  with  measured  data  is  good. 

The  finite  element  Idealization  used  is  shown  in  Figure  13. 
Boundaries  between  different  soil  layers  were  determined  from  the  silo 
construction  records,  and  different  material  properties  were  assigned 

based  on  previously  published  data  on  DRES  soils.  The  applied  load 

* 

wcs  a  multi- linear  idealization  of  the  measured  overpressure. 
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Figure  13  (U)  Finite  element  idealization  (U). 
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Figure  14  shews  the  comparison  between  the  measured  vertical 
velocity  data  traces  and  the  code  predicted  response  (heave  line).  The 
magnitudes  of  the  peak  velocities  are  very  similar  as  are  the  shapes 
of  the  curves.  The  computer  results  show  more  oscillations  than 
might  be  expected ,  but  previous  analyses  Indicate  that  these  are  a 
result  of  the  assumption  of  linear  elastic  material  properties  rather 
than  an  Instability  in  the  numerical  solution.  The  comparison 
between  the  measured  and  calculated  vertical  strain  at  the  location 
of  gage  SG2  also  Indicates  a  good  correlation  (Figure  15).  This 
close  correlation  Is  to  be  expected,  however,  because  the  steel  was  not 
strained  beyond  the  elastic  limit. 

It  must  be  emphasized  that  the  Input  for  this  computer  analysis 
was  based  almost  entirely  on  pre-shot  data.  Soil  condlti>ns  and 
locations  of  various  strata  were  based  on  Information  obtained  while 
the  silo  was  being  constructed.  The  only  post-shot  modification  of  the 
data  was  to  use  the  idealization  of  the  measured  overpressure  data. 

The  close  agreement  of  post-shot  results  with  pre-shot  calculations 
demonstrates  that  this  code  provides  a  reasonable  basis  for  predicting 
the  air  blast  induced  behavior  of  structures. 

TEST  RESULTS  AND  SYSTEMS  IMPLICATIONS 

The  test  provided  valuable  information  on  the  survivability,  body 
motions  and  structural  response  of  an  idealized  full  size  missile  silo 
at  the  135  foot  range  from  the  DIAL  PACK  ground  zero.  Some  of  the 
more  significant  results  are  as  follows; 

1.  The  silo  received  an  average  peak  overpressure  of  850  psi. 
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2.  Thei  structure  sustained  no  notlcable  damage. 

3.  Residual  displacement  was  1.5  feet  down  and  0.15  feet 
outward  from  Ground  Zero,  with  a  residual  tilt  of  less  than  1/2  degree. 

4.  Air  blast  Induced  displacements  were  smadl  compared  to  , 

crater-induced  displacements  which  were  40  to  50  inches  upward  and 
outward . 

5.  Maximum  vertical  slip  at  the  4-foot  depth  was  2  1/2  inches 
and  other  slip  gages  provided  useful  data  on  the  slip  at  the  soll-sllo 
interface . 

6.  Maximum  alrblast  Induced  accelerations  In  the  silo  walls 
were  200  to  300  g's,  but  the  maximum  body  accelerations  were  about 
22  g's. 

7.  Strain  gage  data  Indicated  that  the  inner  steel  liner  was 
not  strained  beyond  the  yield  point. 

8.  Results  of  the  computer  analysis  based  on  linear  elastic 
material  properties  compare  well  with  measured  silo  velocities  and 
strains . 

9.  Sufficient  data  were  obtained  to  provide  checks  for  existing 
and  future  analyses  for  cratering-induced  and  non-linear  effects. 

In  assessing  the  implication  of  the  design  of  advanced  weapon 
systems,  it  must  be  reviewed  against  the  background  of  its  design 
strength.  It  consisted  of  minimal  wall  and  steel  thicknesses  as  well 
as  low  steel  and  concrete  stre'ngths.  By  increasing  one  or  more  of 
the  above  parameters,  designs  can  be  developed  for  much  more  severe 
environments. 
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The  test  article  survived  the  test  environment  without  evidence 
of  yielding  in  any  portion  of  the  facility.  Indeed,  the  data  indicate 
that  it  could  probably  have  been  located  in  a  much  more  severe  environ¬ 
ment — up  to  the  crater's  edge  or  within  the  outer  reaches  of  the  crater 
without  exceeding  its  structural  strength  capability. 

The  data  show  that  the  air  blast  induced  accelerations  experienced 
within  the  walls  were  sufficiently  large  so  that  operating  ground 
support  equipment  should  be  mounted  on  a  shock  isolated  platform.  Body 
accelerations  during  this  time  were  quite  moderate.  The  direct 
Induced  structure  motion  Included  peak  accelerations  of  approximately 
one-half  g.  Large  displacements  were  experienced  during  the  direct- 
induced  motion,  but  the  transient  tilt  of  the  structure  is  believed 
to  have  been  small--less  than  2  degrees  from  the  vertical.  Depending 
on  the  fragility  level  of  the  protected  systems  which  will  to  a  large 
extent  dictate  the  shock  isolation  system  criteria,  it  is  believed 
that  these  ground  motion  characteristics  can  be  dealt  with  within  the 
state  of  the  existing  art. 

The  amount  of  differential  motion  betwec"  the  test  structure  and 
the  free  field  appears  to  be  high.  Peak  differences  in  displacements 
obtained  from  free  field  and  structure  mounted  gages  was  approximately 
22  inches  at  the  4-foot  depth  while  that  indicated  by  the  slip  gages 
was  only  2-1/2  inches.  The  above  indicated  values  are  believed  to 
represent  an  upper  and  lowen  boundary  to  differential  motions.  It 
is  believed  that  the  slip  gages  did  not  measure  the  total  differential 
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displacement  between  the  structure  and  the  media.  However,  both  of 
these  values  when  scaled  to  a  credible  nuclear  threat  would  be 
excessive.  The  Implication  of  these  motions  are  that  It  would  be 
exceedingly  difficult  for  a  penetration  through  a  silo  wall  to  survive 
for  service,  communication,  or  air  conditioning. 

The  test  structure  encountered  Che  most  severe  debris  environment 
produced  by  Che  500  Con  explosion.  A  similar  relative  position  to 
the  crater's  edge  In  a  nuclear  environment  would  Impose  excessively 
deep  amounts  of  debris  overlying  Che  weapon  system  structure.  In  a 
launch  facility  system  considerations  must  be  provided  for  protecting 
the  Interior  of  the  facility  from  debris  cave-ins  during  door  openings 
and  launch  sequence  operations.  In  both  launch  facility  and  manned 
applications,  serious  consideration  should  be  given  to  closed  cycle 
life  support  and  environment  control  systems.  It  Is  questionable  whether 
an  open  cycle  system  could  provide  access  to  the  free  atmosphere. 
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J.  M.  Watt,  Jr.,  Project  Officer 
Waterway!  Experiment  Station 


PROJECT  LN314B 

EVALUATION  OF  PROTECTIVE  MILITARY 
PERSONNEL  SHELTERS,  BRITISH  MARK  II  DESIGN  (U) 

CHAPTER  1 
INTRODUCTION  (U) 

(U)l.l  Background.  The  United  States,  United  Kingdom,  Canada,  and 
Australia  In  a  quadripartite  agreement  are  currently  attempting  to 
standardize  the  development  of  field  fortifications  and  to  optimize  the 
combat  soldiers  protection  against  the  effects  of  nuclear  weapons.  The 
British  Mark  II  shelter  tested  In  Event  DIAL  PACK  Is  an  outstanding 
example  of  the  International  cooperation  existing  between  the  scientific 
and  engineering  staffs  of  these  countries.  The  Mark  II  shelter  was 
designed  and  supplied  by  the  British,  tested  In  a  Canadian  field  trial, 
with  the  United  States  Installing  the  shelter.  Instrumenting  and 
compiling  a  final  report.  In  addition  to  the  International  effort, 
cooperation  from  various  agencies  within  the  United  States  contributed 
aigniflcaiitly  to  the  success  of  the  Mark  II  shelter  test.  The  Ballistic 
Research  Laboratories  provided  pressure  measurements  Inside  and  outside 
the  shelters,  the  Naval  Civil  Engineering  Laboratories  provided  and 
installed  deflection  gages  for  measuring  deflection  of  a  roof  arch-rib  in 
each  shelter,  and  the  Lovelace  Foundation  placed  the  anthropomorphic 
duoutileB  and  Installed  movie  cameras  to  record  their  response.  It  was  the 
responsibility  of  the  Waterways  Experiment  Station  to  install  the  shelters 
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and  recover  all  data  for  inclusion  in  a  final  report. 

(C)1.2  Objective.  The  general  objective  of  this  investigation  was  to 
collect  data  for  the  purpose  of  determining  the  habitability  and  hardness 
of  the  Bristish  Mark  II  command  post  shelter  when  subjected  to  ground 
surface  airblast  effects  from  a  500-ton  TNT  detonation.  The  specific 
objectives  of  the  investigation  were  as  follows:  (1)  to  record  the 
centerline  deflection  of  a  roof  arch-rib,  (2)  to  record  the  airblast 
pressure  inside  and  outside  the  shelter,  and  (3)  to  record  photographically 
the  displacement-time  history  of  the  dummies  placed  in  each  shelter.  In 
addition,  preshot  and  postshot  measurements  of  the  cross-sectional 
geometry  of  the  shelter  were  made  along  with  complete  documentary 
photographic  coverage. 

(C)1.3  Scope.  Two  prototype  British  Mark  II  field  shelters  of  the 
command  post  configuration  were  tested  in  Event  DIAL  PACK.  Shelter  1  was 
located  at  the  predicted  30-psi  range  (645  feet  from  ground  zero  G0) 
and  Shelter  2  was  located  at  the  predicted  20-psi  range  (750  feet  from 
GB).  The  general  site  layout  is  shown  in  Figure  1.1. 

(C)  During  the  test,  6  channels  of  data  were  recorded  along  with  two 
movie  cameras  recording  the  motions  of  the  dummies  (Figure  1.2).  The 
measurements  in  each  shelter  included  midpoint  deflection  of  a  center 
arch-rib  and  internal  pressure  at  two  locations.  Pressure  measurements 
outside  the  shelter  were  taken  from  the  basic  blast-line  study. 
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Figure  1.2  (C)  Instrumentation  layout  (U). 
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CHAPTER  2 

SHELTER  DESCRIPTION  AND  INSTALLATION  (U) 

(C)  The  shelter  consisted  of  a  steel  frame  covered  with  a  flexible 
fabric  (Figure  2.1)  and  was  assembled  in  a  4-foot  6-lnch  deep  excavation 
having  a  main  chamber  approximately  6  by  10  feet.  The  shelter  design 
consisted  of  four  basic  components,  l.e.,  pickets,  arches,  spacers, 
and  flexible  fabric.  The  excavation  was  made  with  a  back  hoe.  Spacers 
were  then  used  as  a  templet  and  the  pickets  were  driven  Into  the  ground  with 
a  sledge  hammer  (Figure  2.2>  The  spacers  and  arches  were  placed  and  all 
Joints  were  tied  with  wire.  The  flexible  fabric  was  placed  around  the 
sides  of  the  shelter  and  backfill  placement  was  begun.  A  9  by  15  foot  sheet 
of  fabric  was  placed  over  the  main  chamber  (Figure  2.3)  and  the  shelter 
was  covered  with  backfill  material.  Backfill  was  placed  to  a  depth  of 
18-lnches  over  the  main  chamber,  9-lnches  over  the  entrance  tunnel  and 
was  sloped  at  a  30-degree  angle  to  the  horizontal.  The  entrance  Into  the 
shelter  remained  open  during  the  test.  Shown  In  Figure  2.4  Is  the  completed 
Shelter. 

(C)  The  interior  of  the  shelter  was  painted  white  with  a  black  grid  placed 
on  the  back  wall  opposite  the  cameras  to  provide  a  reference  for  interpretati 
of  the  dummie  movements.  Deflection  and  pressure  gage  installations  and 
a  view  down  the  entrance  tunnel  are  shown  in  Figure  2.5. 
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Figure  2.4  (C)  Preshot  view  of  completed  shelter  (U). 


Figure  2.5  (C)  Preshot  view  of  shelter  interior  (U). 
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CHAPTER  3 

RESULTS  AND  DISCUSSION  (U) 

(C) Since  Shelter  1  at  the  30-psl  overpressure  level  was  subjected  to 
the  severest  environment  of  the  two  shelters,  and  the  damage  to  both 
varied  only  in  intensity,  the  results  and  discussion  will  be  confined 
to  Shelter  1.  The  overpressure  at  both  locations  was  essentially  that 
predicted,  i.e.,  30-  and  20-psi. 

(C)The  outside  pressure  at  Shelter  1  was  recorded  as  having  a  peak 
of  30-psi.  Press\ire  inside  the  shelter  had  an  average  initial  peak 
of  8-psi  and  then  a  rise  to  a  peak  of  12  psi  in  approximately  36  msec . 

The  shaded  area  in  the  graph  of  Figure  3.1  indicates  the  actual  load  the 
shelter  experienced.  However,  it  should  be  remembered  that  the 
flexible  fabric  was  not  attached  to  the  steel  frame  and  thus,  the  steel 
frame  could  not  respond  to  the  reverse  loading  caused  by  the  overshot 
of  the  pressure  inside  the  shelter.  As  shown  by  the  deflection  curve 
the  steel  frame  continued  to  deflect  in  the  presence  of  the  load 
reversal. 

(C)The  major  structural  damage  caused  by  the  airblast  occurred  at  the 
entrance  (Figure  3.2)  and  along  the  entrance  tunnel.  Pickets  and  spacers 
were  bent  and  the  flexible  fabric  within  the  entrance  tunnel  was  torn. 

Some  soil  spillage  (approximately  6  cy  yds)  occurred  at  the  entrance; 
however,  entrance  into  the  shelter  was  possible  by  sliding  through  the 
restricted  opening.  There  were  no  tares  or  soil  spillage  anywhere  else  in 
the  shelter. 
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Figure  3.2  (C)  Postshot  view  of  entrance  damage,  shelter  1  (U), 


Figure  3.3  (C)  Postshot  view  of  dummies,  shelter  1  (U). 
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CHAPTER  4  (U) 
CONCLUSIONS 


(C)  The  general  structural  performance  of  the  two  M8u:*k  II  shelters  was 
good  and  the  shelters  would  provide  considerable  protection  from  blast 
and  debris  for  personnel.  The  entrance  tunnel  is  the  weakest  element  of 
the  shelter  and  it  is  believed  that  it  can  be  hardened  with  a  minimal 
effort . 

(C) The  results  indicate  that  there  would  be  little  or  no  hazard  to 
individuals  from  blast  displacement  in  the  main  chamber  of  the  shelters 
under  conditions  of  this  test.  Except  for  the  probability  of  eardrum 
ruptxire,  personnel  would  not  be  injured  from  the  direct  blast  effects 
(overpressure ) . 
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